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Abstract 
Sandbox modeling has been used extensively over the last decades to study the 
structural evolution to model shallow geological processes. The materials used to 
date are however not well scaled for studying rocks with a high brittleness index, i.e. 
materials that are strong in comparison to the mean effective stress. Typically, 
materials like sand and clay do not develop brittle, dilatant structures observed in 
rocks like basalt and carbonate at shallow crustal depth. 
 
In this work a scaled analogue model is presented, using a fine-grained, cohesive 
powder (CaSO4 • ½ H2O). Deformation experiments document material properties 
that allow scaling with respect to the natural prototypes. 
 
The tensile strength of the powder is approximately 40 Pa, depending on the state of 
consolidation. Compression and shear tests show that the material parameters 
(Young’s modulus, cohesion, porosity) also depend on the state of 
consolidation/compaction, whereas the friction angle remains virtually constant. The 
behavior of these criteria allows analogue models of brittle rocks at scales between 
1:1,500 and 1:600,000 depending on the properties of the prototypes carbonate or 
basalt. 
 
A model of a graben structure is presented using homogeneous or layered material 
sequences. In the layered sequences, sand and graphite/gypsum mixtures were 
used to decouple the layers forming a mechanical stratigraphy. Deformation is 
documented by time-lapse digital photography. These datasets are analyzed by 
Particle Imaging Velocimetry (PIV), which produces a high-resolution displacement 
field as a function of time and associated measures like strain or vorticity. 
 
The results show – among others - mode-I fractures, mode-II faults with dilatant jogs, 
fragmentation processes in asperities, vertical gravity-driven mass transport along 
the fault zones, and the effect of mechanical stratigraphy. The structures formed 
show good resemblance with natural prototypes.  
The PIV output can be used for a high-resolution analysis of displacement and strain 
over time. Using the PIV output, elastic strain was observed prior to brittle failure, and 
the evolution of the fault array over time can be studied.  
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Preface 
During the fourth year of my study Geology at Utrecht University, the Netherlands, I 
was offered the opportunity to do my Master Thesis at the Technical University of 
Aachen, Germany. My tutor in Utrecht, Dr Hans de Bresser, suggested that work I 
did in my third year was quite similar to work done by in the Institute for Geologie - 
Endogene Dynamik by Prof Janos Urai.  
At first I was reluctant. After all, Germany is not quite exotic, especially since Aachen 
is a mere 5 kilometers over the Dutch border and when you hear that your 
classmates want to go to Norway, Hawaii or Reunion for their master thesis, one’s 
motivation is somewhat tempered.  
However when I started reading and hearing what my field of work should be and 
how well the RWTH Aachen is received as a University my enthusiasm was kindled.  
Especially after my first meeting with Prof Urai in April 2004 I had no doubt in my 
mind, this is what I wanted to do. 
 
The real world is never as romantic as perceived by the naïve mind. As any real 
scientist knows is planning just that; a plan, you never seem to stick by it. They also 
know that science not a straight line between initial thought and result, but rather a 
mesh of many, sometimes parallel, but usually opposite trains of thought and probe-
experiments. Of every ten ideas only less than one turns out to work, and usually 
only half as well as expected. This is no news for any proper researcher, but I 
received something like a culture shock as I began to find out how science works. 
 
In my short time in Aachen I did not only learn a lot about geology I never learned in 
the classrooms, and also about ‘real science’ works, but also about living in another 
country (even when it is only 5 km over the border). Finding a room, and getting a 
residence permit proved just as challenging as working out the dilatant behavior of 
gypsum powder in Volumetric strain/Stress invariant space. New experiences and 
new friendships keep live interesting, and I have had my fair share of those during 
my stay in Aachen (Kölsch-beer really is horrible). 
I am very grateful for the opportunity of working in Aachen, and I would like to thank 
Dr de Bresser from Utrecht for proposing this step, and Prof Urai and Dipl.-Geol. 
Marc Holland for helping me do my research. 
 
      Heijn van Gent 
       March, 2005 
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Introduction 
Dry sand is the most commonly used material in scaled models of tectonic processes 
although it has long been recognized that some of the material properties are not 
scaled for some of the structures and processes that are simulated. In this study dry 
hemihydrate powder was used as a modeling material. It will be shown that this 
powder has a number of distinct properties that scale well for modeling the upper 
brittle crust for cohesive rocks, such as limestone and basalt. For example, gypsum 
powder has a measurable tensile strength, it is able to form Mode I, Mode II and 
mixed mode fractures, and its small grain size allows for the formation of structures 
much smaller than those formed using sand. Because the material characteristics of 
this powder were largely unknown, this thesis consists of two parts. In the first 
section experiments to measure the material’s characteristics are described and 
discussed, while the second section focuses on the scaled model experiments done 
with a model of a buried graben. This work can be considered as a continuation of 
the work done in 2004 by Marc Holland on the structure of growth faults in the 
basalts of Hawaii.  
Thus, the aim of this work is: 
 
1) to describe to the basic material characteristics of dry gypsum powder, 
in terms of compaction, shear behavior etc, and 
 
2) to use dry gypsum as an analogue model material in a series of 
experiments to simulate normal faults, where the focus lies on the 
effects of mechanical stratigraphy. 
 
The applications of this work are numerous. Since gypsum powder is able to form 
Mode I, Mode II and dilatant (mixed mode) fractures, both at the surface and at depth 
it offers a an alternative for the use of sand for modeling brittle crust, and allows 
study of structure and development of natural prototypes in cohesive rocks. Finally, 
the use of a non-intrusive, semi-quantitative, optical method (PIV) of determining the 
displacement fields during deformation allows study of the deformations in the model 
in great detail. This Particle Image Velocimetry method (PIV) allows the tracing of a 
group of marker grains throughout the deformation, using an advanced pattern 
recognition algorithm. This method was introduced to in structural geology recently 
though work by Wolf et al. (2003) and Adam et al. (2005).  
 
Definitions 
In this entire thesis I will use the geological stress definition, where compression is 
considered to be positive, and extension has a negative sign. Further more the "on-
in"-convention used. This means that the tensor of the form Tab acts on plane a, in 
the direction of plane b. Also, σ1 > σ2 > σ3. 
Mode I fractures are fractures of a pure tensile opening. Mode II fractures involve 
shear failure with a sliding component; Mode III is shear failure with a tearing 
component. The definition of Mixed Failure Mode, of Mixed Mode Is a transitional 
failure mode between Mode I and Mode II and, though not always explicitly stated, do 
Mode I-Mode II transitions always include pure Modes I and II, and Mixed Mode 
elements. 
 
Normal faults 
Normal faults are defined as an inclined dip-slip fault “in which the hanging wall 
appears to have moved downward relative to the footwall” (Bates and Jackson, 
1987). They generally occur in settings, where the largest principle stress (σ1) is 
orientated normal relative to the earth surface, and the second largest and smallest 
principle stresses (σ2 and σ3) are orientated parallel to the earth surface (see figure 1) 
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(Anderson, 1942, Twiss and Moores, 1987). In settings where σ3 is orientated 
vertical, and σ1 and σ2 are horizontal, thrust faults form, and where σ1 and σ3 are 
horizontal and σ2 is vertical, strike-slip, or wrench faults are formed (figure 1). Of 
course, these examples are only the end members in the case that one of the 
principle stresses is vertical, and mixed mode faults do occur in places were no 
principle stress is vertical. Neither are the fault planes in nature as planar as figure 1 
suggests. Undulating fault surfaces, splays, damage zones, antithetic faults and 
accommodation structures characterize real faults. (see figure 3, and see Angelier et 
al., 1997,Acocella, Korme and Salvini, 2003 and Holland, 2004 for reference). 
Due to their geometric nature of accommodating crustal extension, normal faults are 
found in crustal extension settings (i.e. North Sea basin, Basin and Range, East 
African Rift, Iceland, Rhine and Rhone Grabens), as well as in settings of gravity 
driven failure (i.e. Deformation in the Niger Delta, or failure of basaltic flows on 
Hawaii).  
 
Normal faults in the upper crust have been the focus of much scientific attention over 
the past decades, as these structures can be of huge economic importance. Since 
hydrocarbon accumulations are usually formed in sedimentary basins and 
sedimentary basins often evolve by the increase of accommodation space and 
tectonic extension, normal faults are often present in hydrocarbon accumulations. In 
addition to structural geometry normal faults can form a seal or act as a transport for 
fluids (i.e. van de Zee, 2001, Ferrill and Morris, 2003).  
 
In the literature on normal faults it is usually assumed that displacement is parallel to 
the fault planes. The effective normal stress (σ 'n) acting on the surface is larger than 
the smallest principle effective stress (σ3) and larger or equal to 0 in these cases, and 
the failure angle is a function of the internal friction angle, following (Ferrill and 
Morris, 2003) 
 
  Θ = ±(45° - φ/2) 
 
Where Θ is the angle of shear failure, relative to the principle compressive stress, 
and φ is the angle of internal friction (tan-1 coefficient of internal friction). Next to the 
shear failure mode two additional failure modes exist (Hancock, 1985, Ferrill and 
Morris, 2003).  
These are shown in figure 2. Example a) depicts typical shear failure.  
Tensile failure (b) occurs when a Mode I crack forms perpendicular to the orientation 
of σ’3. Here σ'3 = | σ' n| < 0 and |σ'3| ≥ the tensile strength of the rock. The failure 
angle is 0°. Note how the intersection point with the Mohr circle lies in the tensile 
stress field, and on the shear stress = 0 line. 
The third failure Mode Is a hybrid form (c). Here a shear fault develops with also an 
opening component. Displacement is oblique to the fracture surface, and these faults 
are called 'dilatant faults' (Ferrill and Morris, 2003). Here σ'3 < σ'n < 0 and |σ'3|< the 
tensile strength. The failure angle lies between 0° and ±(45° - φ/2). 
Which failure mode develops depends on the differential stress (σ1 - σ3), the minimal 
principle effective stress (σ'3 = σ3 - Pf, Pf is the pore fluid pressure), and on the 
strength characteristics of the rock (Ferrill and Morris, 2003). 
 
Mode I and dilatant fractures occur at a number of scales and settings. Desiccation 
cracks in mud, and columnar joints in cooling basalt are examples of small scale 
Mode I fractures. Larger examples of Mode I and dilatant faults can generally be 
found in settings were cohesive rocks (i.e. rocks with a significant tensile strength) 
undergo extensional deformation. Angelier et al. (1997) describe that tensile 
deformation Mode I structures dominate in the upper hundreds of meters in the 
extensional regime of basalts in northeastern Iceland. These tensile structures grade, 
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though hybrid mode structures to pure shear faults at depths of roughly 1km. This 
transition is assumed to take place due to softening of the rocks under influence of 
heating by magma chambers, reduction of the effective tension (σ'3) due to 
(magmatic) fluid pressure, and the increase of differential stress by lithostatic 
pressure. 
Figure 3 shows a fault in Pingvellir, south western Iceland, where a large normal fault 
in the local basalt forms a large open valley between the inclined hanging wall and 
the near horizontal footwall blocks. 
 
Acocella, Korme and Salvini (2003) describe similar tension-shear transition in the 
axial zone of the Ethiopian Rift basalts. Fault scarps of several meters are observed 
here, as well as tensile faults filled with weathered debris from the fault scarps. 
Also Holland (2004) describes tensile-shear transitions, this time in the faulted Puna 
basalts of the Kilauea volcano in the Koa'e fault zone, on the Big Island of Hawaii. 
Figure 4 from Holland (2004) shows a conceptional model for this transition. Note the 
large rotated block, which obscures the conjugate fault of the fault scrap behind it. 
Here the dilatancy is probably the result of changes in differential stress, or the 
decrease of effective tension, with depth. 
 
Ferrill and Morris (2003) describe dilatant fractures formed not due to changes in 
differential stress, or decrease of effective tension, but through changes in the 
material characteristics of the rocks. Field examples from the Cretaceous Buda 
Limestones (western Texas, USA) show a systematic change of fault angle in more 
competent layers of the succession. Ferrill and Morris (2003) interpret this change as 
the result of difference in competence of these layers. More competent layers 
produce steeper faults. As a result of the down-dip movement of these normal faults, 
the steeper fault segments dilate. The cavities formed along the fault plane through 
dilatancy are called ‘dilatant jogs’. Ferrill and Morris (2003) and many others further 
state that such dilatant fault sections can act as centers of ore deposition or conduits 
of ground water flow. This type of stratigraphy where the material properties of the 
rock change with rock type is called 'mechanical stratigraphy'.  
 
Crider and Peacock (2004) argue that the Mode I fracture formation in competent 
layers, during the early stages of extension, can act as an important element of 
normal faulting. These Mode I fractures will be connected through shear faults which 
cut the less competent layers. The Mode I veins act thus as important points of 
localization for through-going deformation.  
A similar example of the importance of Mode I fractures in the nucleation of shear 
faults is described by Willemse, Peacock and Aydin (1997). They describe a strike-
slip shear zone in the limestones of Somerset (UK), were the incipient shear zones 
consist of en-echelon veins. In the early stages of strike-slip deformation, solution 
seams form between these veins. When these seams rotate, slip will occur along 
them, creating an array of 5 generations of solution seams. They conclude that Mode 
II shear fracturing is not a primary mechanism, but follows Mode I and ‘anti-Mode I’ 
(solution seams). Mode I and anti-Mode I deformation are described to play an 
important role in the localization of through going strike-slip deformation. 
 
Competent or cohesive layers are thus more likely to produce open fractures. The 
presence of open fractures at depth has multiple implications. As described before, 
the cavities of dilatant jogs can act as conduits for the flow of geo-fluids and the 
precipitation of minerals and ores.  
In oil fields, flow through open fractures can be an explanation for early water 
breakthrough, where an oil well produces water much sooner than expected. Faults 
can be imaged on seismics, but whether a fault is open or not is more difficult to 
access. Scaled analogue modeling can be an important tool to gain insights here. 
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Mechanical stratigraphy is not merely confined to the realm of geology. Figure 5 
shows a crack in a brick wall in the Lochnerstraße, Aachen. Note how the crack 
propagates only through the mortar and only seldom through the bricks. If a crack 
passes though a brick, it is near vertical, while cracks in the mortar can be at an 
angle. Based on these observations, one could say that the bricks are more 
competent than the mortar. On figure 6 the face of a building on the Templergraben 
in Aachen is shown. The limestone slap below the window has been cracked. Note 
how this crack changes angle as it passes over a change in the thickness of the slab. 
Since this is more a thrust than a normal fault (the hanging wall is pushed over the 
footwall) the changes in the dip angle are not the same as described for figure 5. 
 
Analogue modeling 
Analogue modeling has been used to simulate, understand or interpret geological 
structures and phenomena for over 100 years (Hubbert, 1937). A huge variety of 
processes can be modeled; river sedimentation in relation sea level changes (Heijst 
and Postma, 2001), grain-settling processes, tectonic and structural processes.  
For these tectonic and structural processes, a large variety of materials have been 
used to substitute for one or a series of natural materials; Sand and dry China clay 
(Ellis and McClay, 1988), cloth, putty (Bonini et al., 2003 use mixtures of 
polydimethylsiloxane and barite, and glycerol-gypsum mixtures), wet clay (Dresen, 
Gwildis and Kleugel, 1991), glass beads, resin, iron grit (Wolf, König and 
Trianatfyllidis, 2002) are some of the materials used. 
  
The most commonly used material for tectonic and structural models of the upper 
crust is sand. It is non-toxic, easy to obtain, easy to handle and has several material 
characteristics that scale well to crustal deformation. For example a small (but as will 
be shown here, apparent) cohesion and friction angle scales well for a number 
crustal settings and geological materials. However, sand has a number of 
drawbacks. Because of its granular nature and large grain size, localizations of 
deformation in sand often have a width several times larger than the grain size 
(Horsfield, 1977 cited in Ellis and McClay, 1988, Lohrman et al., 2003). These 
localizations are more like shear zones than discrete faults thus the width of 
deformation bands do not scale. Furthermore, sand has such a small cohesion1, it 
makes the material less suited for the study more cohesive crustal rocks, or models 
with a small vertical scale. While sand is very useful for the modeling of structures a 
full to mid crustal scale (10-35km depth), shallower in cohesive rocks structures are 
not well reproduced.  
 
Several authors have used wet clay or wet plaster. To model the development of fault 
discontinuities along strike-slip faults, An (1998) used wet clay. Different water 
contents were used to control the material characteristics. Lindanger et a.. (2004) 
describe a number of experiments where Plaster of Paris was used to simulate 
structures above a ramp-flat ramp extensional fault. Wet clay and plaster have the 
advantage that, because of a tensile strength, they are able to sustain open 
fractures, and when the water contents can be carefully controlled, the material 
properties can be controlled to some extent. However, wet clay and plaster are 
viscous, and the deformation is therefore dependent on deformation rate (Lambe and 
Whitman, 1969).  
 
                                                
1 Although claimed, Schellart (2000) proved that sand does not have a cohesion, he also 
showed that the strength behavior for sand and other granular materials at low normal stress 
(0-400Pa) is more complex than previously assumed 
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Fine powders are a relatively new material in analogue modeling. Powders have the 
advantages that their small grain size allows the formation of small structures. Also 
powders have a cohesion, so the formation of tensile structures, open fractures and 
vertical walls are possible. 
Walter and Troll (2001) mix sand with water and clay to produce a cohesive mixture. 
Their aim was to model peripheral faults in the sides of volcanoes with multiple 
magma intrusions. Sims et al. (2003) use an undefined cohesive powder to model pit 
chain formation over dilatational faults on Mars. Holland (2004) and Holland, Urai and 
Martel (2004) used dry gypsum powder to reproduce shallow structures in the 
cohesive basalts of the Koa’e fault zone on Hawaii. Their model is scaled in such a 
way that a 20cm high model reproduces structures which have an original depth of 
900-9000m.  
Holland (personal communication, 2004) has done several attempts to gain insights 
in this 3-D geometry of the fractures. Sugar mixed with the gypsum would melt and 
thus kit the structures, when the experiment was placed in an oven after deformation, 
but the melting sugar altered the structures. Drying wet clay would produce similar 
difficulties. Up to present, no good method for studying the 3-D behavior of fractures 
in powdered modeling materials has been found, other than by high definition 3-D 
tomography using a CT-scanner. 
In this study gypsum powder will be used to study the deformation of cohesive rocks 
in the upper crust. Primary the modeling of cohesive carbonates will be considered. 
Particular attention will be given to the effects of intercalations of weaker materials in 
a mechanical stratigraphy that develops this way. 
 
Limitations  
Limitations are inherent to every modeling experiment, due its very nature of 
simplification and assumptions of mechanical properties. There are two kinds of 
limitations: limitations that arise due to technical aspects of the apparatus, and 
limitations that arise due to the style of modeling itself. Frictional drag along the 
vertical walls, the influence of the sidewalls and the difficulties that arise by filling the 
box are among the chief technical limitations. Increasing the size of the set-up will 
reduce the effects of the sidewalls, but the loose gypsum powder does not allow 
sectioning in order to look inside the sample so the 3-D aspect of fault propagation 
remains a large question. Limitations in the deformation style include the rigid 
footwall blocks, and the limitation to plane strain deformation. Another limitation 
includes the difficulty of modeling of 3-D variations of pore fluid pressure, 
temperature variations, stress magnitude, differential compaction or strength 
variations and the distribution of other heterogeneities.  
Never the less, the large number of literature examples of analogue structural 
modeling shows that this method offers a lot of insight in the phenomena of geology 
(Hubbert, 1937; Ellis and McClay, 1988; Buchanan and McClay, 1991; Dresen, 
Gwildis and Kleugel, 1991; An, 1998; Wolf, König and Trianatfyllidis, 2002; Lindanger 
et al., 2004; Holland, 2004; Schmatz, in prep, etc.). 
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Material characterization 
Gypsum  
In this section the most important results will be presented of the experiments to 
determine the material characteristics of gypsum powder.  
The gypsum powder used is commercially available, quick hardening construction 
gypsum, which is sold in Germany under the name “Schnell Gips” from the 
manufacturer Knauf 2.  
This kind of construction gypsum is usually hemihydrate (CaSO4·½ H2O), also called 
bassanite (footnote3, Gips-Datenbuch, 2003). This gypsum phase has two crystal 
shapes, which are easy to distinguish with a SEM. These types of hemihydrate are α-
Hemihydrate and β-Hemihydrate; see figure 7. Construction and modeling gypsum is 
composed mainly of β-hemihydrate (Gips-Datenbuch, 2003) 
A single grain size is hard to give, because the individual gypsum crystals kit together 
to form clusters of varying grain size. The electromagnetic force responsible for the 
cohesion is probably also causeing this clustering. Figure 8 shows petrographic 
microscope figures of the gypsum used in this research. Since this is a transmitted 
light microscope, the gypsum appears black on a white background. Figure 8a) 
shows a sample of gypsum. The optically determined grain size is this sample varies 
from 10 to 400µm. Figure 8b) shows a detail of this section, focused on a large 
gypsum cluster with a grain size of 100µm. Note that this cluster has a highly 
irregular shape, with individual crystal extruding from the cluster. Figure 8c) shows 
the same area as 8b), but now focused on the small clusters and individual crystals. 
The individual crystals do appear to be shaped as the β-Hemihydrate (see figure 7), 
rather than the needlelike α-Hemihydrate. The density of solid hemihydrate used in 
calculations is 2730kg/m3 (Gips-Datenbuch, 2003).  
 
The material is mixed with a small fraction of blue sand that acts as marker grains for 
the PIV analysis. The amount of blue marker grains is small, in the order of 2.5%, 
and thus does not affect the overall mechanical behavior. Mixing of the marker grains 
is done with a pharmaceutical apparatus for the mixing of suspensions and powders. 
 
For the determination of the material characteristics of gypsum powder a number of 
parameters are considered. Gypsum powder is sensitive, the smallest perturbation 
compacts the material, and therefore the effects of handling methods need to be 
considered. Moisture uptake can influence the density, and as a result the material 
characteristics. Also the compaction and shear behavior of the material as well as the 
tensile strength is investigated. These parameters influence the scaling of the 
experiment, and need therefore be considered carefully. 
 
Handling and moisture uptake 
To determine the handling properties the dependence of the density on the sieve 
height, and the mesh size of the sieve were investigated (for the complete 
experimental description, see appendix 1).  
The bulk density of the powder is shown to increase with increasing sieve height (see 
appendix 1), up to a certain point. Graph 1 shows that the density levels at sieve 
height larger than 30cm. This is interpreted to result from the gypsum powder 
reaching a terminal velocity. In air a falling particle experiences two opposing forces, 
the gravitational force, which is constant, and a drag force which increases with 
increasing velocity.  
After a particle has fallen a certain distance, it reaches a speed, where these forces 
cancel each other out. The particle stops accelerating. This velocity is called the 
                                                
2 www.Knauf.com  
3 www.gypsumsolutions.com 
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terminal velocity. The settling velocity, or settling force with which the particle hits the 
material already at the surface controls the compaction and the density of the 
material. Falling heights larger than height at which the terminal velocity is reached 
will therefore result in (near) constant densities. 
The mesh size of the used sieve was also tested for its influence on the density. It 
was found that this has no influence on the density of the powder, as is shown in 
graph 2. 
 
The moisture uptake of gypsum powder proved difficult to determine with the two 
experiments described in appendix 1. The original idea was to determine the effect of 
the moisture contents on the strength and density, but was beyond the time 
constraints set for this work. 
It was shown that the moisture uptake is in the range of 2-2.5% at relative humidities 
of 70-75%, and that this level of moisture uptake was reached after 4-5 days. All 
gypsum used in this work has been stored for several days in the laboratory with an 
air humidity ranging from 60-45%. It is assumed that the moisture uptake of the 
powder used therefore does not exceed 2.5%. The effects of this humidity on the 
strength and density of the material proved to difficult to determine in the set time 
frame. 
Using this data, the general porosities and densities of gypsum powder could be 
determined. It was found that the uncompacted density of gypsum powder is ~750-
840 kg/m3, depending on the sieve height, and the porosity is in the order of 70-75%. 
 
To test the strength of the powder the following test was done. A hill of gypsum was 
sieved upon a flat surface. With a knife the hill was divided over the middle and one 
half was pushed away. When the height of the hill was changed and the experiment 
repeated, the height of a vertical wall of gypsum, able to remain standing without 
collapsing could be determined. This height was determined to be between 6 and 7 
cm. 
 
The Compaction of gypsum powder 
To establish the compaction of gypsum two experiments were done. The compaction 
experiments are important to establish the compaction at the bottom of the analogue 
model box. Compaction is expected to be a major influence on the strength of 
gypsum powder. 
 
PIV-based compaction experiment 
Methodology: 
The experimental set up for this test is shown in figure 9. A glass vessel, about 1L, is 
weighted, and a scale bar drawn on the glass. About 4cm of gypsum powder, mixed 
with blue marker grains, is sieved into the vessel from about 5cm above the rim. The 
vessel is weighed again, and placed on an electric scale. Next to the scales two 
laboratory stands hold a digital camera, linked to a personal computer. Above the 
camera, a cardboard plate is fixed with a hole below which the vessel must fit closely. 
This board must protect the camera, and prevent sand falling next to the vessel, onto 
the scales. The sand, sieved in from the top acts as a load for the gypsum. After 
roughly 0.5-1 cm of sand is sieved in, the weight of the total vessel is recorded and a 
picture is taken. This procedure is continued until the vessel is full. The pictures from 
this experiment are processed though PhotoShop, to measure the compaction in 
pixels. The scale bar and the density of the sand can then be used to establish the 
compaction in mm as a function of overburden load. The pictures of this experiment 
are run through the DAVIS PIV package, also to establish the compaction as a 
function of overburden (see the appropriate chapter for details on PIV).  
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Results:  
Table 1 shows the different steps, the added amount of sand per step, and the 
compressional stress (σ1). This compressional stress is established using the 
formulas: 
 
σ1=F/A 
σ1= (g*M)/(π*r2) 
 
Here g is the acceleration due to gravity (9.81m/s2), M is the mass of sand in kg, A is 
the surface area of the container, and since the radius (r) of the container is 4.595cm, 
this area is 6.63*10-3m.  
 
Using PhotoShop, all pictures were cropped, and inserted into the PIV-analysis 
software. For details on PIV, see the appropriate chapter. By performing an absolute 
strain analysis (every image is compared to the first image) the total strain and thus 
the total compaction was calculated. 
The output of the PIV analysis is a number of images, with the translation of marker 
pixels, relative to the first image (with no overburden). Using an option in the PIV 
package called PROFILES, a profile of the average vertical translation in pixel 
column 17 to 150 was determined. The average was taken, because the translation 
along a single line was deemed not representative, an average over a large number 
of rows increases the homogeneity of the analysis. Graph 3 shows these profiles for 
a number of individual steps in the compaction. Note that each step in table 1 
corresponds with a picture with the same number in the PIV analysis. A linear trend 
line was plotted with every profile.  
 
The slope of these linear functions is the reciprocal of strain. This can be illustrated 
as follows: Compressional strain (e) is determined according to: 
 
L
∆L
L
L)(l =−=e  
 
Here e is the extensional strain, L is the original sample length, and l is the sample 
length after deformation (∆L is the difference in sample length). Compressional strain 
therefore always has a negative sign.  
The original distance of a marker grain to the bottom of the container can be thought 
of as the original length of the sample, and the cumulative translation (in the vertical 
direction) is the change in length of the sample. The slope of the functions in graph 3 
is therefore given by: 
 
1
minmax
minmax
∆L
L
CumTransCumTrans
DepthDepth
a −==−
−= e  
 
This, and the data from table 1 then results in a stress/strain diagram, which is given 
in graph 4. Though the points all lie roughly on a straight line, the point from step 2 
(that is the second image, or the first image with overburden) is located in the 
positive strain field. This is not expected, since compressional stress should result in 
negative strain. This stress/strain curve intercepts the stress axis at roughly 200 Pa.  
 
Interpretation and Discussion:  
The observation of positive strain in graph 4 is puzzling. There are several ways to 
explain this. 1) Compaction in the center of the sample can have pushed gypsum up 
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at the sides of the container. 2) Misinterpretation of the data by the PIV analysis, the 
strains calculated are often smaller than the resolution. 3) Factors such as expansion 
of the sample through heating by the lamp, minor changes in the zoom of the 
camera, small movements of the container on the plate of the scales, etc.  
Because it is unlikely that the sample actually expanded under pressure, and 
because all points fall perfectly on a straight line, I assume that this point is the result 
of some miscalculation within the PIV analysis, due to small magnitude movements 
that fall below the resolution of the analysis. 
 The offset of 200Pa at the stress axis is curious; one would expect that the 
stress/strain relation would intercept the stress axis at 0Pa. There are several 
reasons for this offset. First, it is possible that the drag of the powder to the walls of 
the container requires a minimal stress to break free. Compaction can already take 
place in the center of the container, but that would not be visible on the outside. It is 
even possible that downward movement in the center of the container pushed 
gypsum powder upwards along the boundaries of the container. This would then 
explain the ‘positive strain’; registered in the first data point of graph 4. Secondly it is 
possible that the there is a yield stress, which does not allow deformation until a 
certain minimum stress is reached. This would have to do with the internal (electro-
static) forces between gypsum particles in the container, and not so much with forces 
between the powder and the glass. Also it is possible that the powder is pre-
compacted. Gypsum powder is an extremely sensitive, non-elastic substance. Even 
when handled with care, it is possible that the powder was pre-compacted as a result 
of the force with which the powder was introduced in the container (settling velocity, 
see experiment 1), or that it is compacted as a result of its own weight. The 
deformation that would accommodate this compaction would be permanent, until the 
force with which the powder is pre-compacted is reached and crossed.  
 
Concluding, a vertical stress of roughly 1500Pa, on 4 cm of gypsum results in a 
compaction of 4.5%  
 
Compaction experiment, using an Odometer 
Additional compaction experiments were preformed at the Institute for Geotechnical 
Engineering of the RWTH Aachen. Here gypsum samples were placed in an 
Odometer, a device that is able to generate normal stresses over 100000 times 
larger than in the last experiment. In this experiment, normal stresses 250 times 
larger than were generated to test the compaction behavior of dry gypsum powder at 
high normal loads. Figure 10 shows a typical odometer. The arm is configured in 
such a way that 1 gram of load on the loading table exerts 13Pa of normal stress on 
the sample. The smallest weights are 125gr or 1.625kPa.The sample has a height of 
1.4cm, and a circular cross-area of 38.48cm2. Because the sample is placed in a 
removable container the mass, and thus the density of the sample can be 
determined. 
 
Aim:  
To determine the compaction behavior of dry gypsum powder at high normal loads. 
Methodology:  
Two compaction experiments were done with the odometer. Sample 1 was sieved in 
with a sieve of 1mm mesh size; sample 2 was scooped in with a spoon. The reason 
for this difference was to determine whether a larger initial density would have an 
influence on the compaction history. The samples were placed in the odometer with a 
small circular sieve stone (a kind of high porosity sandstone, important for 
experiments were pore water plays a roll, so that the water can get out of the 
 15
compacting sample) on top. This sieve stone has a mass of 26gr, and thus exerts a 
negliable amount of 66Pa of normal load on the sample. Weights were added on the 
loading table and the compaction per step was read from a dial indicator, which is 
placed on top of the sample.    
Results:  
Sample 2 was unfortunately slightly pre compacted when the sieve stone fell with 
some force on top of the sample. Being a slightly elastic material, it was expected 
that the compaction history of the gypsum powder would still be representative at 
larger normal loads, when the pre-compaction load was crossed. 
Graph 5 shows the results of the compaction of both gypsum samples as a function 
of load in Pa, also the results from the PIV analysis at low stresses are plotted. 
Here it has been assumed that 1gr equals 13Pa and the compaction is expressed in 
units strain, using the formula: 
 
x100%
L
∆Lx100%
L
L)(l =−=e  
 
Where e is the extensional strain, L is the original sample height (1.4cm), and l is the 
compaction read from the dial indicator. In this graph, also the results of the PIV 
analysis of the former experiment are plotted. The first few results of sample 2 do 
appear to display the same strain at increasing loads, just as expected with a pre-
compaction. However, something else is wrong with these results. At higher normal 
loads, it takes two or three consecutive increases in load to increase the strain. It was 
observed during the experiment that when the first weight was added, the dial 
indicator did not show any movement. When the second weight was added, it took 
several seconds for the dial to respond. After the experiment, when the rig was 
disassembled, it was revealed that the sieve stone was broken and the friction of the 
pieces against the sides of the container distorted the analysis. The results of sample 
1 seem to show a good fit with the results of the PIV analysis, though it must be said 
that no distinct overlap in the data was realized. The best-fit logarithmic trend line for 
this data has the formula: 
 
e = -3.433Ln(σn) + 14.977 
 
This formula has an R2-value of = 0.9682.  
 
Discussion:  
The effect displayed by the dial indicator when sample 2 was deformed is most likely 
the result of friction of the sieve stone along the sides of the sample container. This 
friction would reduce the normal load on the sample, but the amount of reduction is 
unknown. This makes the results of the compaction of this sample unusable.  
 
The accumulated strain in a gypsum sample is difficult to assess. The porosity 
however is easier to determine, since it depends only on the densities of hemi-
hydrate and air, and on the dimensions and initial weight of the sample. The porosity 
is related to the strain, because with increasing strain, the volume of hemi-hydrate 
remains the same as air is expelled from the sample and the volume decreases. 
Porosity is therefore a better measure for the compaction than strain. Since the initial 
weights of the samples in this experiment are known, as well as the decrease in 
volume, it is relatively easy to translate strain into porosity.  
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The porosity of a sample is depended of the density of the sample, and the density of 
hemihydrate (2730kg/m3) and the density of air (1.75x10-6 kg/m3) through the 
formula: 
 
100%*
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ρρ
Φ
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Where φ is the porosity in percent, ρs is the density of the sample, ρair is the density 
of air and ρhemi is the density of hemihydrate. Strain will change the volume of the 
sample, and in the case of compressional strain the height (h) of the sample will 
change and the area (A) will be constant. Since the density equals the mass of a 
sample over its volume, the porosity as a function of strain is given by the formula: 
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Here e is the compressional strain in quotients, M is the mass of the sample, h is the 
height of the sample and A is the area of the sample. 
 
Void ratio (e) is a quantity often used by soil mechanics engineers, who have done 
much work of this kind of behavior and is defined as e= (Φ/100- Φ), Φ = porosity in 
percents.  
 
Graph 6 shows a logarithmic plot of all compaction data points (PIV-analyzed and 
Odometer sample 1 combined) versus the Void Ratio. The best fit the logarithmic 
relation for this data is: 
 
e = -0.1581Ln(Lp) + 3.7013 
 
Where e is the Void Ratio. Lp is the pre-load in Pa. The R2-value of this equation is 
0.9688. 
This relation can be used to relate the Void Ratio to the pre-load. The kind of 
compaction for both experiments is called confined compaction, or uni-axial 
compaction, because the sample is confined on all sides by walls. 
The compression index is defined as (Mitchel, 1976): 
 
  σ
∆
∆c v
C =-
 log 
e
 
Where Cc is the coefficient of compression, e is the void ratio and σv is the vertical 
stress. The Cc for this material is thus 0.16. This corresponds well with the reported 
value for Vermont Marble (0.18; Mitchel, 1976), but no additional values for 
carbonates were found. 
 
Mohr space and failure criteria 
Shear tests are important to establish the failure envelope in Mohr-space of a 
material. In Mohr-space the line defining the critical stress state at the moment of 
brittle shear failure is called the Mohr failure envelope, or the Mohr envelope (For 
discussion on Mohr circles and failure envelopes, see for example Nicolas, 1987, 
chapter 3 or Twiss and Moores, 1992, chapter 9). From the coordinates of the point 
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of contact between the Mohr envelope and the Mohr circle of the state of stress, the 
orientation of the failure plane can be determined. There are several distinct failure 
criteria, whose locations in Mohr space depend on the stress conditions and the 
material.  
Every rock sample, that is submitted to uni-axial tension has a specific value of 
tensile stress (T0) below which the sample is stable. If the stress state is such that T0 
is crossed, the sample will fail and tension fractures will form. These fractures are 
orientated perpendicular to the tensile stress and show a large opening perpendicular 
to the fracture plane (Mode I) (see figure 2).  
The Coulomb Criterion describes the Mohr envelope under moderate confining 
stresses (Nicolas, 1987). The linear relation, defined by σs* = c + µσn, where σs* is 
the critical shear stress at the moment of brittle failure, c is the cohesion or the 
resistance to shear failure on a plane where normal stress is zero, µ is the coefficient 
of internal friction and σn is the normal stress (Twiss and Moores, 1992).  
 
Gypsum powder is known to have a tensile strength (Holland, 2004) so shear test 
alone are not enough to fully characterize the failure envelope of gypsum. Holland 
(2004) used a device capable to measure tensile strength at the Lehrstuhl für 
Pharmazeutische Technologie in Würzburg. The tensile strength measured was 
32.96Pa. However, the device used for the determination of this tensile strength 
(Schweiger and Zimmerman, 1999) preloads the sample with a force of 130Pa. 
Though this preload is not large, the sensitivity of dry gypsum powder has been 
proven several times in this paper. New measurements, which take into account the 
pre-load, were therefore done. 
 
Shear test 
The shear cell is shown is figure 11. The calibration is described in appendix 1 The 
shear cell was purpose made by van der Zee (2001) at the institute of Geologie 
Endogene Dynamik at the RWTH Aachen. The device consists of a lower table that 
can move laterally and an upper table that moves vertically. A small motor and a 
moving piston are used to push laterally on the lower table, where a load cell and a 
Linear Variable Displacement Transducer (LVDT) were used to measure the shear 
load and the displacement of the lower table, respectively.  
The upper table is balanced by a large weight and runs on low friction ball bearings. 
The upper table can be loaded to generate normal load, and a second vertically 
placed LVDT, not shown on figure 11, was used in some experiments to measure the 
compaction during the experiment. 
A sample of gypsum is prepared by filling a square wooden frame with gypsum 
powder. Excess gypsum is removed and the sample is smoothened by stroking over 
the frame with a ruler. When the frame is removed, a gypsum cake with a height of 
1.5 cm and a square surface area of 127cm2 is formed. The sides of the cake are 
vertical due to the tensile forces within the gypsum. 
 
This cake is placed on the lower table, and the upper table is loaded. The drive used 
screw results in a deformation rate of 0.021cm/sec. The load cell is placed between 
the lower table and the drive screw to measure the shear load.  
 
There were two preparation methods used to determine the shear stress of the 
gypsum samples: normal consolidation and over consolidation. In normal 
consolidation the sample is placed on the lower table, and the upper table is loaded 
with a weight. The sample is then sheared until a plateau value is reached. This 
plateau value is then used as the failure loci for that experiment. Graph 7a) shows a 
stress/strain graphs for a typical normal consolidated shear test. In this example, the 
upper table is loaded with 1374Pa, and a shear stress plateau value of 1031Pa is 
reached, after 20% shear strain. The shear stress value is increasing after 20% 
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shear strain due to the disintegration of the gypsum cake. As a result, the surface 
area of the cake decreases and the effective normal load increases. Samples 
sheared by normal consolidation are deformed through simple shear. Deformed 
markers in the gypsum cake show this in figure 12. Originally square markers are 
deformed by simple shear on the scale of observation. No localization structures 
(faults or shear zones) are observed. Also note the ramps of gypsum that fell from 
the sides, reducing the area of the sample, and thus increasing the normal stress. 
The other method for measuring the shear strength is over consolidation. This 
method involves preloading the sample and shearing the sample until a saturation 
shear stress (similar to the plateau value) is reached (Holland, 2004). The preloading 
and shearing, lowers the porosity and organizes the grains in the sample into a 
stronger geometry. This results in a stronger sample (Schweiger and Zimmerman, 
1999, Holland, 2004). The sample is relaxed (the shear load is removed), a small 
amount of normal load is removed, and the shear load is reapplied. Now the 
stress/strain curves show a number of peak shear stresses and dynamic shear 
stresses. The peak stress corresponds to the critical shear stress just before brittle 
failure, while the dynamic shear stress can be interpreted as the friction coefficient of 
the fault it self. Graph 7b) shows the results for an over consolidated sample. Here 
the initial load on the upper table is 1350Pa and the total shear strain is ~20%, 
though it must be noted that the lower table was moved back and forth during 
relaxation and re-stressing of the sample. The first usable value of the peak stress is 
that value lower than the saturation stress (Holland, 2004). So in graph 7b) the first 
four values of peak stress cannot be used. An advantage of this method is that 
multiple measurements of peak stress can be made with a single gypsum sample, 
while with normal consolidation, each analysis requires a new gypsum cake.  
A marker experiment was also done for these over consolidated shear tests. Figure 
13 shows a picture of a section in this gypsum cake. Note that the markers seem to 
be sinistrally sheared, while this sample was deformed dextrally. This marker 
experiment was repeated. This resulted in the same, apparently sinistral marker 
pattern. The reason for this is unknown. 
 
 
 
Results:  
Graph 8 shows the Mohr space representations of the failure loci for the Over and 
Normal consolidated shear experiments. Note that in the over consolidated shear 
tests, not only the cohesion is larger than in the normal consolidated tests, but also 
the angle of internal friction and the scatter are larger. 
The normal consolidated shear test results in a Mohr-Coulomb failure envelope of the 
form: 
 
  σs* = 39.988 + 0.6122σn,  
 
Where σs* is the critical shear stress (Pa) at the moment of brittle failure, and σn is the 
normal stress (Pa). 
 
Graph 9a) shows the failure loci for the over consolidated shear tests, grouped per 
experiment. Since the initial load of each experiment and the (unconfined) 
compaction behavior of the powder are known, it is possible to calculate the initial 
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porosity of each experiment4. This initial porosity (or initial void ratio) is given in the 
inset of figure 9a). The void ratio (e) is given by e= Φ/100- Φ.  
 
Graphs 9b) shows the relation between the cohesion and the void ratio. The red dot 
is the representation of the normal consolidated failure envelope, projected for a 
normal stress of 0Pa. There clearly is a relation between the Initial Void Ratio and the 
cohesion (strength) of the sample. This relation can be described by the empirical 
linear relation: 
 
c = -648.22e + 1896.7 
 
Where c is the cohesion in Pa, and e is the Void ratio (determined using the formula 
described above, and the known porosities for each experiment. The R2-value of this 
relation is 0.8097. 
The angle of internal friction remains virtually constant with increasing compaction. 
This is shown in graph 9c)  
Analysis of stress strain curves for multiple shear experiments show that the elastic 
yield point occurs roughly at 0.2% strain. The determination of the elastic yield point 
is disputable, because gypsum powder, like many unconsolidated sediments, does 
not have a clear elastic yield point, like granites or sandstones. The apparent elastic 
yield point is more a range of values were both elastic as plastic deformation occurs. 
 
Discussion and conclusions: 
The red line in figure 9b) has an inconsistent angle of internal friction, when 
compared to the other lines. It must be noted however that this red line is the 
representation of experiment 6, which has been conducted with the inclusion of 
square markers in the gypsum cake. It is very likely that the processes of making 
these markers, or the altered material properties of these markers due to the addition 
of dye, has an influence on the failure behavior of the sample as a whole. 
 
The shear tests show a relation between strength and void ratio. This kind of 
behavior, where the porosity (or void ratio) is an important factor in the strength of a 
material has been known for some years. A conceptional illustration of this can be 
given with an analogue example. Every child knows that during a snow fight, a 
properly compressed snowball causes much more agony for the opposing party than 
a hand full of uncompressed snow. Sufficient compression can form a ball of ice able 
to shatter glass. The process of compressing snow changes the fluffy snow crystals 
into ice. With this the amount of air (and thus of porosity) is greatly reduced, while the 
density of the frozen water stays (roughly) the same.  
 
Soil mechanical engineers first noted that the porosity of sand or a soil has an 
influence on the strength of that soil. The Cam-clay model was developed in the 
1960’s by Roscoe and Schofield (Cited in Callari, Auricchio and Sacco, 1998), as an 
improvement of the existing models for ‘soil dilatant behavior’. Figure 14 shows the 
general form of a Cam-clay model. The Cam-clay curve is a representation of the 
critical state in ‘Volumetric strain/Stress invariant space’ (Jones and Addis, 1986). 
Here, the Mean effective stress is plotted versus the Differential stress, while along 
the third axis the specific volume (v = 1+e, where e is the void ratio) is plotted. 
Generally, a Cam-clay curve can be considered as a number of 2-D failure envelopes 
for a constant porosity, plotted behind each other, ordered with increasing porosity 
                                                
4 Note that the compaction behavior was tested was confined, while compaction in the shear 
cell is basically unconfined, as the sides of the cell are open. This difference between these 
methods of compaction is assumed to be negliable here 
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along the specific volume axis. A number of features are important. The K’0-line 
represents uni-axial compaction, where the compaction is accompanied by a lateral 
expansion of the material. The Hvorslev surface can be thought of as a 
representation of the linear Mohr-Coulomb failure criterion, while the curved Roscoe 
surface represents the area of pore collapse in Mohr space.  
 
A stress path is a plot of the evolution of the state of stress. The apex of a Mohr circle 
has the coordinates ½(σ1-σ3) and ½(σ1+σ3). This is a characteristic point for an 
individual Mohr-circle (Parry, 1995). Stress paths are plotted by connecting the 
apexes of Mohr circles. 
The determination of the Mohr failure envelope for dry gypsum powder is influenced 
by the evolution of the stress state prior to failure and the difference between 
deformation in the analogue deformation box and the shear cell. 
The 2-D stress-state in the deformation box can be characterized by the initially 
vertical principle stress and a horizontally orientated principle stress. The vertical 
stress is the result of the overburden pressure and can be defined as σ1 and the 
horizontal is defined as σ2 (following the convention; σ1> σ2 > σ3). When deformation 
in the box is induced by the lateral movement of the tables and the downward 
movement of the central table, a horizontal tensile stress will be reduce the horizontal 
principal stress σ3. However, since the overburden remains (nearly) the same, σ1 will 
not change. As a result, in Mohr space, the Mohr circle of this deformation will have a 
fixed right leg (σ1), but the 'σ3'-leg will move to the left (see figure 15a). This will 
cause the Mohr circle to increase in size until the critical state is reached and the 
sample looses cohesion in brittle failure. 
The 2-D stress state in a gypsum sample that is being deformed by simple shear is 
described by two principle stresses that are parallel to the principle incremental strain 
axis (Means, 1990, Twiss and Moores, 1992). Since one of these axis is always 
compressed and the other is stretched throughout the deformation, and the 
conventions that compressive stress is always positive and σ1> σ3, σ1 becomes 
larger and σ3 thus becomes smaller as the deformation proceeds. This means in 
Mohr-space, that the 'σ1'-leg of the initial Mohr-circle moves to the right over the 
normal stress axis, while the 'σ3'-leg moves to the left. When the radius of the Mohr-
circle is large enough that the critical envelope is reached, the sample will begin to 
deform (see figure 15b). 
This way in which the radius of the Mohr-circle increases until failure, or the 'stress-
path' (Parry, 1995), is very important in the way the material behaves. Since the 
stress-path in the shear cell experiments differs from the stress-path expected in the 
analogue model box, shear cell experiments are perhaps not entirely suited for the 
determination of the Mohr-Coulomb behavior in this research, especially not in such 
a sensitive material as gypsum powder.  
 
Tensile strength: 
Tensile strength measurements were done at the Institut für Pharmazie und 
Lebensmittelchemie, Lehrstuhl für Pharmazeutische Technologie, of the Julius-
Maximilians-University, in Würzburg, Germany. Prof. Dr I. Zimmerman kindly allowed 
us (M. Holland and H. van Gent) to do measurements on the tensile strength of the 
gypsum powder5. Sabine Dünisch assisted us in the determination of the tensile 
strength. 
  
                                                
5 Holland (2004) did measurements on the tensional strength of gypsum powder. These 
measurements were done with a fixed pre-load of 130Pa. The facts that the present research 
shows that the cohesion is a function of the pre-load and since a different kind of gypsum was 
used in this work, new measurements were required. 
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The tensile strength is measured using a purpose made machine (see figure 16), first 
described in Schweiger and Zimmerman (1991). It works by pressing a small 
container of powder against a small Vaseline covered piston. The weight (key ‘a’ in 
figure 17) of the piston is continually measured with a high accuracy load cell6. As the 
sample contacts with the piston, the upward force reduces the recorded force of the 
piston (key b in figure 17). This upward force is called the pre-load of the sample, and 
is usually set at 130Pa as standard value. The piston is left on the sample surface for 
a sample for a small amount of time (typical 10-15sec). When the sample container is 
then moved down, the peak in the force/time diagram (key c in figure 17) is the result 
of the force required to break the cohesion in the sample7. The weight of sample 
adhering to the piston results in a slightly higher force at the end of the experiment 
(compare keys ‘a’ and ‘d’ in figure 17). It is then the difference between c and d that 
is the separation force, Fs. The tensile strength (T0) is then calculated by dividing this 
force by the surface area of the piston (Schweiger and Zimmerman, 1991). 
 
As stated above, to characterize the material properties of powder, the pharmacists 
in Würzburg use a standard pre-load of 130Pa. Earlier in this work the effect of pre-
load or pre-compaction on the cohesion of gypsum powder has been shown, so to 
characterize the tensile strength of gypsum, different pre-loads were expected to play 
an important role.  
By manually controlling the device, 30 measurements were taken of the tensile 
strength of the gypsum powder, at different pre-loads. The pre-loads range from 62-
440Pa. The upper value of 440Pa is a limit set by the physical parameters of the 
device. Higher pre-loads would lift the piston off the load cell, and render the 
measurement useless. Figure 18 shows the results when the pre-load has been 
calculated back to the Void Ratio, using the formula described above. A clear trend is 
visible in this data set, which has been interpreted as to be linear in is data range. 
The linear best-fit regression line is: 
 
  T0 = -127.23x e + 391.16 
 
Where T0 is the tensile strength (Pa) and e is the Void Ratio, the R2–value for this 
empirical relation is 0.8741.  
The scatter (±10Pa) in the data is within the normal scatter of the device (S. Dünisch, 
personal communication, 2005). 
 
The experimental set up is described in the next chapter. Filling the box is done using 
a custom made sieve table to ensure constant sieve height. The gypsum surface in 
the deformation box is positioned at least 25 cm below the sieve. Using the results 
from the first experiments, the void ratio for gypsum that fell this distance is 
calculated. When this value is inserted in the relation above; a tensile strength of 
35Pa was calculated for gypsum at the surface of the box. At a depth of 20cm (the 
depth of the gypsum column) the tensile strength is then 52Pa. 
 
This experiment shows that the tensile strength increases with increasing load. This 
means that the material in the bottom of the box is ‘stronger’ than material at the 
surface. This has implications for the way faults and fracture form, since the failure 
angles and fracture mode are dependant on the strength of the material (Hancock, 
1985, Parry, 1995, Twiss and Moores, 1997,Ferrill and Morris, 2003) 
 
                                                
6 The accuracy of the load cell is 0.01 mN (Schweiger and Zimmerman, 1991). 
7 The adhesion of the sample to the Vaseline covered piston is significantly larger than the 
cohesion in the sample (Schweiger and Zimmerman, 1991).  
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Summary of the material properties: 
The experiments described above yield important information regarding the material 
properties of gypsum powder. Though it must be said that these material properties 
are perhaps not entirely complete. Nevertheless, the information that was gathered 
has important implications for this work. 
 
It is shown that the density of gypsum powder is sensitive to the falling height, as 
long as this distance is smaller than 30cm. This is because the forces of gravity and 
drag cancel each other out at larger fall heights. The density of the powder is 
insensitive to the type of sieve used.  
 
The uptake of moisture is difficult to establish. The shown results are also not entirely 
insensitive to discussion. It is however shown that the uptake of moisture at the 
expected conditions in the laboratory, are in the range of 2-2.5 weight% and that this 
amount is reached after roughly five days. Since all gypsum used in this study is 
stored for at least a week in the same laboratory prior to usage, it is reasonable to 
assume that the used gypsum has a similar or lower moisture contents when the 
experiments starts.  
 
Two methods were applied to measure the compaction, and these show good 
correspondence. The confined compaction of the material follows the typical log-type 
compaction curve. The ‘linear’ part of the compaction curve ends roughly at 25% 
compaction, after 100kPa of normal load is applied. The porosity of the powder is 
shown to be between 60 and 70%.  
 
The failure loci of the shear strength have been measured by two separate methods. 
The Normal consolidated samples represent the failure loci for the powder under 
normal conditions. This method results in a straight failure envelope with a cohesion 
of 40Pa, and a coefficient of internal friction of 0.61. The experimental method of the 
Over consolidated samples results in the samples having an increased strength 
compared to the normal load. Since gypsum is an elastic, highly porous material, the 
powder will maintain the strength properties of the highest achieved compaction. The 
cohesion is shown to be a function of this pre-compaction, while the coefficient of 
internal friction seems insensitive for the pre-load. 
 
The tensile strength of the powder is also sensitive for increasing loads. The tensile 
strength for the modeling was shown to increase from ~30Pa, and increases to 
~50Pa at the bottom of the deformation rig. 
 
Figure 19, shows a combination of the shear test data, the compression data and the 
data on the tensile strength, presented above. This plot is a Cam-Clay type of plot, 
but differs in a number of important aspects. Instead of the Specific Volume (=1+e), 
the Initial Void Ratio (ei) is plotted along the ‘porosity-axis’. Along the other two axes 
the normal stress (Pa) and shear stress are plotted, and not the differential stress 
and mean effective stress, such as in the original Cam-clay plots. The blue lines 
represent the measured data, or the trend lines for the data, plotted for the range of 
interest. The dark purple surface combines the over consolidated shear test data, 
with changing Initial Void Ratio. The light purple surface envelops the stable 
configurations of normal stress, shear stress and Void Ratio, but since there are a 
limited amount of data points in this plot, the actual surface is a bit larger. The 
behavior of the gypsum powder during pore collapse (compare with the Roscoe 
surface in figure 14) is not characterized so this area in figure 19 is likely not to be 
fully representative. 
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Without going further in the complicated mathematics of non-linear elasto-plastic 
laws and volumetric strain/stress invariant failure criterion, of Cam-Clay curves, it is 
important to make some comments on the data presented in figure 19. That the 
number of failure loci in this study is limited, and the calculation of the appropriate 
porosities is still troublesome needs to be considered when the quality of this curve is 
concerned. Also it was observed that during shear tests, the vertical LVDT recorded 
compactions in the order of 1-2mm. This means that a line describing the failure 
envelope in Mohr-space is plotted in Cam-Clay-space, this line would stand oblique 
to the specific volume axis. This is because the porosity changes during the 
experiment. This makes the direct conversion of the data presented in figure above 
into a Cam-clay type 3-D failure surface, by simply plotting the lines for individual 
shear tests along a third axis representing porosity exceeding difficult. That is why in 
figure 19 the Initial Void Ratio is used, rather than the Actual Void Ratio. The 
conversions of the other two axes from differential stress and mean effective stress 
into normal stress and shear stress is done on basis of simplicity. Figure 19 is in fact 
a number of Mohr space plots plotted and sorted along a void ratio axis, and thus 
more easily to compare with other Mohr space plots, than a Cam-Clay curve. 
For further discussions of Cam-clay models, and volumetric strain/stress invariant 
space, the reader is referred to Jones and Addis (1986) and Callari, Auricchio and 
Sacco. (1998), and the references cited therein 
 
Sand 
The sand that is used in this study to decouple the layers of gypsum is the same 
used by Schmatz (in prep). For this study, the material characteristics for this sand 
have been established by engineers of the Institute for Geotechnical Engineering, 
RWTH Aachen, and will be summarized here. The dry density of this fine to middle 
sized sand is 1354 kg/m3 and a porosity of 50.8%. The coefficient of internal friction 
is 0.52. 
 
Graphite/Gypsum mixture 
Using sand to decouple gypsum layers does have a number of drawbacks. Loose 
sand under certain stress conditions is dilatant when it fractures or when it is sheared 
due to grain rolling fast each other (Lambe and Whitman, 1969), so the increase of 
the thickness of a fracturing sand layer can have an influence on the surrounding 
gypsum. Secondly, the sand is so loose (the sand used has an angle of rest of 30.5°) 
that when it flows down the open fractures it leaves open cavities.  
Several mixtures of graphite powder (itself being a cohesive powder) and gypsum 
were prepared, and tested for their ability to change the material characteristics of 
the gypsum. Since there was not enough time to fully characterize these mixtures, a 
simple test was done, looking at the rest angle of cones of the mixtures that were 
sieved onto a raised pedestal.  
The resultant rest angles are given in table 2. The mixture with 33.3% graphite was 
chosen for its rest angle has the largest deviation from both pure gypsum and pure 
graphite.  
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Model description, scaling and PIV 
 
The Box  
The box used in this research is an adaptation of the deformation box used by 
Holland (2004). It consists of a deformation rig, tightly fitting between two glass plates 
(100x42cm, 6mm thick), two side bearings (15 cm wide) and a base plate, fixed to a 
large wooden table for stability. A sketch of the device is shown in figure 20 and 
appendix 2. Clamps on the side bearings were used to fix the glass plates into 
position.  
 
The deformation rig consists of 3 moving parts: a central table of 15cm deep and 
16cm wide, and two identical lateral tables (see appendix 2). The lateral tables are 
27cm wide, and allow for a column height of 26cm maximum. The inclined walls at 
60° of the lateral table connect to the inward dipping walls of the central table. This 
double set of inclined walls form the master faults of the deformation rig. The 60° dip 
corresponds to the 60-75° dip angle suggested by Langley (2000) for typical fault 
sets in the basalts of Hawaii. When the central table is pulled down it will force the 
lateral tables outward, creating a graben structure. The tops of the lateral tables form 
with the central table the area for the experiment. The width of this area is 70cm 
before deformation, when the central table is pulled down completely the width is 78 
cm. The depth (and the spacing of the glass panels) is 15 cm. Completely filling the 
box up to the allowed 26cm would be impractical so in practice filling heights are did 
not exceed 20 cm. 
 
To reduce friction between the moving parts and the glass, the sides of the 
(immobile) side bearings were covered with a strip of paper on both sides. This 
makes them slightly wider than the moving parts. The glass panels will now not press 
as hard on the moving parts as on the side bearings. Also, two plastic foils, with 
graphite powder sandwiched between them were placed between the lateral tables 
and the base plate. The graphite powder acts as a dry lubricant to reduce friction 
 
A small 24V electric motor is connected to an external teeth lock washer, while 
another teeth lock washer is threaded around a worm screw. These washers are 
connected by a tooth belt. The worm screw is fixed to the central table in such a way, 
that when the motor is operating, it will turn the teeth lock washer around the worm 
screw. It will push against the underside of the base plate, and force the central table 
down. The vertical displacement rate of the central table at 16V current is 
0.0166mm/s. See appendix 4 for more details on this setup. 
 
This box differs on several points of that of Holland (2004). First, the volume of the 
box in this research is about 110% larger than that of Holland (2003) (~20x50x10cm, 
height x width x depth), and the length of the lateral tables was increased so that the 
effects of the end walls on the deformation experiment would be minimized. Since 
filling these most distant parts of the box is hard, the bedding here is difficult to get 
horizontal. Also Holland (2004) noted that the formation of structures is sometimes 
influenced by the presence of these end walls. Secondly, in order to reduce friction 
along the glass panels, thinner MDF was used for the lower and outer boards of the 
lateral tables. But the most important improvement is the use of a motor to drive the 
deformation. The box used by Holland (2004) operated by manually turning a wing 
nut to force the central table down. This stop-and-go method has an inconstant 
deformation rate and the turning of the nut resulted in a stepwise movement of the 
outer tables. This was especially evident in the PIV analyses. Because the steps in 
displacement were not identical, Holland (2004) preformed only PIV analyses of 
absolute displacement. 
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The constant deformation rate provided by the motor greatly reduces this problem. 
There is still some problem with slightly inconsistent movement of the tables, 
presumably due to inhomogenously distributed friction along the glass panels. 
 
Holland (2004) used a hand sieve to fill his deformation box. This generated a lot of 
dust and it was labor intensive. Also it caused small mountains of gypsum to build up 
along the glass panels. Preparing the experiment, filling the box (dimensions 
~20x50x10cm, heigthxwidthxdepth), running the experiment and cleaning up took 
Holland (2004) 5-7 hours. Since the box in the present research is 110% larger in 
volume, a different filling method had to be found.  
A stainless steel net with the dimensions 125x30cm (mesh size 0.8mm) was clamped 
on each of the long sides between stainless steel rulers. In the ruler on one side of 
the net threaded holes were drilled at intervals. The side without threaded holes was 
screwed directly on the underside of a table with a rectangular cutout section of 
120x20 cm. The side with threaded holes was attached with M5 nuts to an additional 
ruler, which was screwed to the underside of the table, at the other side of the cutout 
(see appendix 3). Slowly turning and manipulating these nuts tensioned the net. The 
table, with the tensioned net was positioned 20 cm above the upper rim of the 
deformation box. This means that the surface of the gypsum is positioned roughly 25 
cm from the net.  
 
The initial idea was to run small funnel shaped carts on tracks over the net. The 
rectangular slit of the carts would press on the net with the weight of the contents of 
the carts ‘forcing’ the gypsum through the net. Two carts were constructed, both with 
a funnel angle of 120°, one with a slit size of 2cm for gypsum, and one with a slit size 
of 0.5cm for sand. Unfortunately, the strength of the gypsum is so high that only a 
small amount of gypsum fell through. The remaining gypsum arched or bridged over 
the slit, with the strength of the bridge supporting the entire mass of the gypsum in 
the funnel. This occurs when the slit size is too small, or when the slopes of the 
funnel are to steep (Pogodda, no date). The wagon with sand works well. Sand 
layers can be produced with a flat surface, but since the sand falls continuously 
through the funnel, it is important to move the cart over the net with a fixed speed, 
not to produce hills in the sand. 
 
During tests of the sieve table and carts, it was observed that gypsum that fell next to 
the carts during filling remained on top of the net. When the cart was moved over the 
tracks, this gypsum was spread along the outside face of the cart and was forced 
through the net homogenously by the lateral movement of the cart. Filling of the box 
is now achieved by ‘wiping’ gypsum though the net using a small Plexiglas sheet and 
a rubber masonry tool for the main filling. This method is faster, more precise, 
produces less humps in the box, and produces less dust than the hand sieving of 
Holland (2004). It is not possible to wipe over the gypsum bed to flatten it, for this 
would compact the gypsum and would increase its strength and distort the 
experiment (Holland, 2004). Figure 21 shows the results of a small test for methods 
to flatten the gypsum bed. All these methods produce in the end a more undulated, 
and in any case compacted surface than the initial surface. To remove the humps on 
the surface, hollow rectangles and cylinders of different dimensions were used for 
precise sieving around the humps. By doing so, humps and holes in a reasonably flat 
gypsum bed could be corrected. It was observed that any hollow object, with a 
diameter larger than 3cm could be used. Since the gypsum falls almost straight 
down, the precision of sieving in this manner is related to the dimensions of the 
object used, so in the order of several square centimeters.  
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The Graphite/Gypsum layers were emplaced in the same way as normal gypsum, but 
the net and rig were cleaned prior and after the filling with the Graphite/Gypsum 
mixture, not to mix the powders. 
 
Data acquisition 
Two digital cameras, mounted on a wooden, L-shaped frame were used to take the 
images. A Canon Power Shot G1 was used for overview and a Nikon D70 was used 
for detailed shots, both cameras were each controlled directly though an individual 
computer, where images were stored directly. The cameras recorded an image every 
30 seconds through time-lapse photography. 
 
Two halogen construction-type lamps were used for the lighting of the experiment, 
while the laboratory was blacked out with curtains. This was done to minimize the 
effects of changing external light conditions. See appendix 4 for more details. 
 
Setting up an experiment 
Before an experiment could be started, the box had to be prepared. The central table 
is turned up higher than its start position. The lateral tables are emplaced, with the 
graphite covered foils between them and the base plate. Before the glass panels are 
positioned and clamped, the levels up to which the box will be filled for this 
experiment, and the possible positions of sand or graphite layers are drawn on the 
outside of the glass. This way, filling is more precise. Using the motor, the central 
table is now pulled down until it lines up correctly and leveled in respect to the outer 
tables. This is done to ensure that the central table is not oblique when the 
experiment starts.  
When the table is not positioned correctly, the rig is disassembled and reassembled, 
until its position is good. To fill the box, the sieve table is set over the box, and all 
holes between the outer boards of the lateral tables, and the side bearings are 
covered. This is done to prevent the falling of any gypsum in front of the lateral 
tables, for this could disturb their lateral movement during the experiment. During 
filling, the top of the glass panels is regularly cleaned, so no gypsum that 
accumulates there will ‘land-slide’ down and perturb the upper modeling surface. 
When the box is ready it is covered by a large cloth, to prevent disturbance of the 
upper material as the sieve table is cleaned and removed. Now, the front part of the 
box, as well as the glass panels and the support table are cleaned of excess gypsum 
that fell next to the box. After the camera frame is installed, the cameras are 
positioned and leveled. When the lights are positioned and switched on, the white 
balance and focus of both cameras are checked. When both the position, focus and 
white balance are in order, and there are no reflections in the glass, the curtains are 
emplaced. The experiment is started as soon as the camera and light settings are 
satisfactory. Holland (2004) noted that leaving a ready deformation rig too long (e.g. 
over night) would influence the strength of the material, as the gypsum either 
compacts, or takes up moisture.  
 
After the experiment 
Experiments take 1 hour and 5 minutes to finish. When an experiment is completed, 
additional overview and detail still-frames are taken using the Nikon camera. Next, 
the experimental material is scooped out of the box. Gypsum not mixed with sand or 
graphite was recollected for further use, but gypsum with the smallest amount of 
other material mixed in it was disposed. Preparing the box, running the experiment, 
disassembling, and cleaning the box takes 5 to 6 hours, and this time increases as 
the filling is more complex through additional layers of decoupling material. 
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Post experiment image processing 
The images have to be processed before they can be used further. Figure 22 shows 
the steps required. First, the RAW-format pictures have to be converted to TIFF 
format so graphic programs can use the image. A TIFF format is used, since this 
ensures the highest quality and information density. Since both Canon and Nikon use 
different types of RAW formats (CRW and NEF) the appropriate image conversion 
software is required for this step. Next an Abobe Photoshop macro is used to crop 
and rotate the images. This is done to make the image horizontal, and to isolate the 
required parts for analysis. An individual macro is required for every experiment and 
every camera, since the camera position and rotation and area of interest are unique 
for every experiment.  
At this point, the processing splits, and the images are processed in two different 
ways. One way (see image 22, left column) is to reduce the width of the image to 
1000 pixels, and to adjust the color of the image. These images are loaded into 
Apple Quicktime. After a title screen is added, the sequence is exported as a movie 
file (MOV format). All conversions use Sorensen 3 codec, the best image quality and 
have a frame rate of 6 images per second. The movie files allow for better image 
visualization than a sequence of loose images does and this increases the 
interpretation potential.  
The other branch of processing, prepare the images for PIV analysis (for details on 
PIV, see the appropriate chapter. The size of the image is not adjusted, so no 
information is lost, but since the PIV software does not accept 24-bit color images, 
the image set is converted to an 8-bit grayscale image. The histogram is used to 
modify the color levels, to increase the contrast. Now the 'white' gypsum has been 
converted to al light gray, and the dark markers are dark gray. The background 
(which is of no importance anyway to the PIV) is now black, and will be neglected by 
the PIV analysis. Again, an individual macro has to be made for each experiment, 
and each camera, due to subtle light changes between experiments, and the change 
of position of the cameras. In general, only the first 51 images (that is the first 25 
minutes of the experiment) are processed through PIV, to produce 50 output images. 
 
The PIV software is capable to export its output in several AVI formats. However, 
since the output quality is not as high as the Quicktime Sorensen 3 Codec, PIV 
output is exported in BMP-format, reduced in size to 50% of the original image and 
loaded into Apple Quicktime. All movies will differ in final dimensions due to 
differences in cropping. Frame rate, and other movie parameters are identical to the 
output of the normal movies. 
 
PIV 
Particle Image Velocimetry (PIV) is a non-intrusive, optical technique to observe 
movements and flows. It has been used for observations of gas and fluid flows for 
nearly 15 years (Baldassarre et al., 2001). Lately however, it has also been used to 
study geological analogue models. Wolf et al. (2003) used it to study the 
experimental evolution of shear bands in granular material. Adam et al. (2005) 
describe analogue normal and reverse fault experiments, which have been 
interpreted using PIV software. 
In comparison to well-known techniques of image processing, such as e.g. laser 
speckle technique, computed tomography and stereophotogrammetry, the PIV-
technique calculates the displacement field of the grains at the side of the sample 
and will therefor calculate the strains and rotations in the material (Wolf et al., 2003).  
A PIV-analysis encompasses the tracking of groups or patterns of grains or markers 
in a deforming material, throughout the image sequence of an experiment. The 
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software then calculates a 2-D vector field of the sequence8. Using this vector field, 
quantities such as displacement, rotation, or strain can be calculated and visualized.  
A major advantage of a PIV analysis to conventional, visual interpretation of an 
analogue model is that the deformation within the sample can be quantified, and that 
thus the interpretation can also be quantified. The virtual resolution of a PIV analysis 
can be as small as 8 pixels of the original image. In a high quality image sequence 
displacements in the order of 0.5 pixel can be detected, this means deformation is 
observed in a very early stage of structure evolution. Structures are identified much 
earlier than is possible with the human eye. 
The PIV-software package used in his research is DaVis from LaVision9. Most of the 
text in the next sections has been modified from the Davis Manual (2003), or from 
Holland (2004). 
 
PIV theory  
The PIV software breaks down an image into a large number of small windows. 
These windows are called interrogation windows, and have sizes of 8x8 to 256x256 
pixels (see figure 23). It is important to have interrogation windows of this order of 
size to do the analysis. If the windows were larger, the resultant vector field would 
have a very poor resolution, if the windows were smaller, the patterns of grains within 
the windows would not be unique. The software is unable to identify a single grain or 
pixel among similar grains or pixels, it look as unique patterns of markers, and can 
identify them even when they are slightly deformed. 
 
To calculate the vector field, an interrogation window of image i is compared to the 
same area of image i+1 (see figure 23). When movement has taken place, the 
pattern in the window of image i is not the same as the pattern of the window in 
image i+1. The interrogation window is then moved over image i+1 around its original 
position on image i by an (user defined) amount of pixels. A statistical FFT-analysis 
determines the fit at each new position of the interrogation window. This produces a 
virtual map with a number of correlation peaks (see figure 23, middle picture). Since 
the material is grainy and deforming, usually multiple positions offer a good fit. The 
ratio of the highest and second highest correlation peak is then used to determine the 
statistically most probable fit with the formula (DaVis manual, 2003): 
 
  Q = (P1-min)/(P2-min)  
 
Where Q is the Peak ratio, P1 is the highest peak, P2 is the second highest peak and 
min is the lowest value of the correlation plane (see figure 24). A peak ratio >1.3 is 
regarded as a robust fit (Davis Manual, 2003). When there is only one correlation, a 
peak ratio of 100 is applied. 
The minimal peak ratio of 1.3 acts as a 'separator' for good and bad fits. Generally, 
vectors with peak ratios<1.3 are deleted by the software. A peak ratio plot is a 
measure of the quality of the analysis as a whole. 
 
The location of the highest correlation peak on the virtual correlation map defines the 
direction and displacement of the original window on image i relative to image i+1. 
The compilation of these vectors from all the small windows of the image produces a 
vector field for the displacement that took place between image i and i+1. For entire 
image sequence, these vector fields can be displayed relative to the predeceasing 
image (Relative displacement), or they can be summed to quantify the displacement 
relative to the first image (Absolute displacement).  
                                                
8 3-D PIV analysis is possible with this software for gas- and fluid flows, using stereo 
cameras, but since gypsum is non-transparent this is not possible in this case 
9 www.lavision.de 
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The vector field can be used to determine a large number of quantities. Single 
vectors produce displacement (V) and its components (Vx and Vy). Calculations 
combining neighborhoods of displacement vectors allow calculation of for example 
strain in the x/y-plane (e.g. Exx=∂Vx/∂x, Exy=∂Vx/∂y, etc.), strain rates (|Exx-Eyy|), 2-D 
vorticity in the x/y-plane (ROTZ = Eyx-Exy) and other tensor quantities.  
 
The quality of the vector field, and the resultant calculated quantities, depends 
heavily on the contrast of the images, the magnitude of the observed displacements 
and the size and overlap of the interrogation windows. The interrogation windows can 
be configured to pass over the image several times, with decreasing window size. 
Though this can greatly increase the calculation time it will increase the accuracy. As 
the interrogation window passes over the image several times, with changing size 
and relative initial position, this will greatly enhance the 'signal to noise ratio' (DaVis 
Manual, 2003). Table 4 shows the accuracy of the measurements, as a function of 
size of the interrogation window, in good contrast pictures. 
 
 
In this table, the accuracies get smaller with decreasing interrogation window size, 
because small windows result in poor correlation, since the number of markers in 
small windows is small. 
Strain and other quantities are calculated from a neighborhood of displacement 
vectors. Since the magnitudes of these quantities are a function of their spacing (∂Vx/ 
∂x). If the spacing between vectors gets smaller, their relative error gets larger.  
However, increasing the window size has the result that the density of measurements 
is too small for an accurate representation of the displacement field, especially when 
the displacement is not diffuse (i.e. shear zones) but abrupt (i.e. faults). 
 
PIV analysis settings 
The PIV analysis was done only for the Nikon images. This has two reasons; first of 
all there was a constraint of time, secondly the quality of the Nikon images is much 
higher as compared to the images taken with the Canon camera. 
The input images used for the analysis are of the TIFF format, since this format 
keeps all information of the original RAW image, as opposed to a compressed JPEG-
file. These images are put through a similar Photoshop macro to get the same 
rotation and size as the input images for the Quicktime movies. However since PIV 
does not support color information, the images are converted to an 8-bit grayscale 
TIFF. The levels are also altered to optimize the contrast between markers and 
gypsum. The amount of pictures used depends on the experiment. Since most of the 
deformation happens in the first half of the experiment, and the correlation between 
images get smaller as the deformation and the number of fractures increases, not all 
images are analyzed. The total amount of pictures used is in the order of 50 images.  
 
The vector field is calculated with multi-pass with decreasing interrogation window 
size. The initial pass with a 128 x 128 window size picks up the trends, which are 
then refined by four successive passes with the window size decreasing to 32 x 32 
pixels. This resolution is further reduced to a virtual resolution of 8 x 8 by allowing a 
75% overlap between interrogation windows. This fine resolution is required for the 
deformation gradient, which can be very sharp, due to the formation of faults and 
fissures. This resolution gives an error in the calculated vector field in the order of 
0.05-0.2 pixels (table 4).  
 
Prior to the February 15th experiment the cameras were programmed to take images 
for 5 minutes (~10 images) of the filled deformation rig, with the motor switched off. 
These images were passed through the PIV analysis, and a single picture is 
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presented in figure 25. Despite that the deformation rig did not move the PIV analysis 
did record displacements. These displacements have a maximum of about 0.6 pixels, 
but averagely it does not exceed 0.3 pixels. This displacement can be considered to 
be random noise in the analysis. Analysis shows that movements between 
successive images of the Nikon camera are in the order of 7 pixels, so the noise is 
not expected to be an important factor in the analysis. 
 
The vector field for each experiment is calculated both relative to the preceding 
picture (relative), and relative to the first picture (absolute). This is has several 
reasons. Some output quantities cannot be calculated, or have little meaning when 
calculated in only one mode of analysis. The non-uniform movements of the outer 
tables which are the result of friction between the tables and the glass produce a kind 
of flickering in the displacement field, when this is calculated in relative-mode, but 
this varying strain rate becomes less notable when the calculation is done in absolute 
mode. The program is not capable to calculate the peak ratio in absolute mode 
because it adds up multiple stages, so for that the relative mode is required. 
 
For every experiment, the following quantities were calculated, and stored as movies: 
 
Peak ratio 
The peak ratio is, as described above, a measure for the quality of the analysis (see 
also figure 24). The formula used to calculate the Peak ratio is (DaVis manual, 2003): 
 
  Q = (P1-min)/(P2-min)  
 
Where Q is the Peak ratio, P1 is the highest peak, P2 is the second highest peak and 
min is the lowest value of the correlation plane. When the analysis produces only one 
fit (one peak) the Peak ratio is set to a value of 100. Vectors with a peak ratio < 1.3 
are deleted. 
 
The peak ratio is displayed in an individual movie (see figure 26a), with a color scale 
bar from 1.3 - 5. White colors have peak ratios of 5 or larger and are considered to 
be very good. Black areas have peak ratios smaller than 1.3 and are deleted from the 
analysis.  
 
Vector field with original image background 
In this output movie, the vector field overlies the original image. In the relative 
analysis (figure 26b), arrows are used to give the direction (direction of the arrow) 
and the magnitude of the displacement (length and color of the arrow). The scale bar 
is set from 0 to 7 pixels; white arrows show areas were the displacement between 
successive images exceeds 7pixels. In this output, the vector length has been 
multiplied by a factor 5 for clarity. Since the number of vectors in each output image 
is large, every fourth vector is shown (that means that between two arrows in this 
output movie, there are three vectors which are not displayed, both vertical as 
horizontal).  
For the absolute analysis (figure 27a), a deforming vector grid overlies the input 
image. The color of this grid corresponds to the magnitude of the absolute 
displacement (relative to the first image). Again, for clarity, every fourth vector is 
displayed in both horizontal and vertical direction. 
 
Note that due to differences in zoom and cropping of the input images, the amount of 
pixels that correspond with one centimeter in one movie do not correspond with the 
same number of pixels in the output of another experiment. This means that 
quantitative comparison of vector length between different experiments is not 
possible. 
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Strain (Exx) 
The Davis Manual (2003) defines the strain as ‘the partial deviation of the velocity’, or 
as  
 
  Eij = ∂Vi/∂j   
 
where i, j = x,y,z = 1,2,3 and V is the vector length. This corresponds with the general 
definition of strain dL/L. To calculate the strain, DaVis takes the value of the 
neighboring vectors into account. The original spacing of the vectors is therefore 
important for the quality of this quantity, if the spatial resolution is high, then the 
relative error also becomes larger. 
 
The output movies display the value of Exx coded to a user defined colors on the 
background. The relative output movies (figure 26c) have a scale bar from –300 to 
300. The absolute output movies (figure 27b) have a scale bar from –1200 to 1200, 
and a vector grid of 32-pixel spacing is superimposed. This grid is the same as in the 
absolute displacement movies, but the color does not change and is set to light gray. 
The scale bar is symmetric and white corresponds to a strain of 0. In these output 
movies positive strain values are expected to be dominant, because the deformation 
is extensional, and extensional strain has a positive sign.  
 
Strain (and quantities derived from it, such as vorticity and strainrate) is a ratio, and 
thus is dimensionless.  
 
2D Vorticity in the x/y-plane or RotZ 
Vorticity is the rotational component of shear strain. 2D Vorticity in the x/y-plane (the 
plane of the glass) is defined by the DaVis manual (2003) as RotZ, and is calculated 
with the formula:  
 
  RotZ = (Eyx – Exy)  
 
here Eyx is ∂Vy/∂x and Exy ∂Vx/∂y. Following this definition clockwise rotation is 
positive and counterclockwise rotation has a negative sign.  
The relative output movies (figure 26d) have a symmetric scale bare that runs with 
maximum values of +/- 300. Absolute output movies (figure 27c) have scale bars 
running from –3000 to 3000, and a deforming uncolored grid is superimposed on the 
output images. This grid has spacing of 32 pixels. 
White colors on the background again indicate that the rotation is 0. 
 
Fault movement is also displayed as rotation. This is because of rotation of the fault 
blocks, and also because the straining of a (group of) interrogation window(s) that 
span(s) the fracture, of which the hanging wall moves down (simple shearing) has a 
component of rotation. 
 
Strainrate (Exx-Eyy) 
The strain rate is defined in the DaVis Manual (2003) as  
 
  Strainrate = |Exx-Eyy| 
 
The strainrate is a measure for the change of strain with time  
 
In the relative output movies (figure 26e), the scale bar is symmetric and has 
maximal values of +/- 300, the absolute output movies (figure 27d) have a symmetric 
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scale bar with values running from –3000 to 3000. The absolute output images are 
overlain with a deforming, uncolored vector grid, with a spacing of 32 pixels. 
 
Scaling: 
Very early in the history of analogue modeling, it was found that a proper relation 
between the characteristics of the model materials and the prototype was required to 
get results that resemble the ‘real world’. It was Hubbert, in 1937, who introduced 
scaling laws into geology. According to Hubbert (1937) ‘an analogue model is 
representative of its natural prototype is both systems are dynamical similar’ 
(Shellart, 2000). This means that stress, density and rheology should be similarly 
distributed in nature and in the model. The effect of a scale reduction (or increase for 
that matter) on any material quantity can be defined by a ratio of this quantity (Θ) 
between the Model (Qm) and the prototype (Qp) (Hubbert, 1937, Ellis and McClay, 
1988).  
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Bases on Hubert, Ellis and McClay (1988) show that the ratio of length (λ) for 
example is: 
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Where Lp is the distance between two points in the prototype and Lm is the distance 
between two equivalent points in the model. 
 
Any important quantities in physics consist of a combination of basic units (Hubbert, 
1937). These units are length (m), mass (kg) and time (sec). Stress, force, angle, 
vorticity, strain, any other units in physics can be considered a combination of these 
units. If we call the unit length L, the unit time T and the unit mass M, and if we also 
call model ratio of length λ, the model ratio of time τ and the model ratio of mass µ, all 
relations can be made. Hubert (1937) gives the relations for some of the quantities in 
Table 3. 
 
A quantity that will scale difficult is gravity. Unless the model is placed in a centrifuge 
(see for example Corti, 2003) the model ratio for gravity (γ=gm/gp) will always be 1. 
This means that in this case length and time are no longer independent since 
(Hubbert, 1937): 
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Hubbert (1937) describes this problem with the following example, when a model is 
to study a geological process on earth scale, which takes one million years to form, 
and the experiment should take no longer than a couple of hours, the time ratio 
would be of the order of 10-9. This means that the length ratio (γ=τ2) would be 10-18. 
At this scale ratio, a phenomenon as large as the earth would require a model the 
size of a molecule.  
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Similarly, if the length ratio would be set at a convenient number for laboratory use, 
the time ratio would become so large that the experiment would require several tens 
of centuries to complete. 
A solution for this problem is provided by the use of a simplification. On any body, 
two types of body forces act. One type is the result of gravity; the other is the result of 
inertia. If the model was constructed in such a way that either the structure is static, 
or the bodies move so slowly that the acceleration is nearly zero, then the problem 
would be solved. In the first case, there is no acceleration, so the body force due to 
inertia is zero, in the latter case the inertia forces would be of a negliable magnitude. 
Therefore a small but constant strain rate in the deformation box would decouple the 
scaling ratios of time and length (Hubbert, 1937). 
 
Scaling of the model 
Hubbert (1937) stated that a geological model is required to be physically and 
geometrically scaled. As described before, since all natural quantities are describable 
by only four basic quantities, and that the similarity between gravity in model and 
prototype, requires a simplification, the scaling of the model is most important. These 
relations and simplifications are described in this section. 
 
Ratio of length (λ): 
The determination of this ratio is the aim of this section, since this would provide a 
frame for the observations made in the experiment. Knowledge of this ratio enables 
coupling of the experiments to real world examples. The Ratio of Length is however 
the result of the set-up and the materials used, and is thus derived from other ratios. 
For the time being; 
 
(1)  λ = ? 
 
Ratio of accelerations (γg): 
All deformation structures in this research are expected to be in the brittle regime, so 
viscosities and accelerations are expected to play a minor role. The problems 
described by our model are therefore static, and can be considered largely 
independent of any timeframe. This means than that the experiment can be 
conducted at the earth surface, and centrifuge experiments (as described by Corti, 
2003) are not necessary. 
 
  (2) γg = 1 
 
Ratio of density (δ): 
Density is a function of mass and volume (or length to the power three). The scaling 
relation of density is therefore: 
 
  (3) δ = µ · λ-3 or µ = δ · λ3 
 
Ratio of forces (ζ): 
Forces are functions of mass times gravity. As described above, based on the 
simplification regarding gravity, the acceleration ratio in this case is 1, therefore: 
 
  (4) ζ = µ · γg = µ 
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Ratio of Stresses and Strength (σ): 
Stresses and strengths are functions of forces acting over surfaces. Using relations 
(4) and (3), the scaling ratio for stresses and strengths can be determined: 
 
(5) σ = ζ · λ-2 = µ · λ-2 = δ · λ 
λ = σ / δ  
 
This result means that the length ratio λ can be determined when the ratio of stresses 
and strength and the ratio of density are known. However, it also implies that the 
density and the strength of the material are independent of each other. From the 
Cam-Clay behavior described for gypsum powder, it was found that this is not the 
case. Increase of density (or reduction of porosity) is observed to increase the 
strength. Calculations based on the compaction experiments done indicate that the 
density in the deformation box increase 3.5% in an experiment of 20 cm height. 
Natural rocks also increase in density, when buried and compacted, but can also 
decrease in density due to increase of temperature (Hubert, 1937). 
  
To calculate the density ratio δ we will use a calculated value for the density of un-
compacted model material based on the compaction experiments. This density is 
732kg/m3. 
This analogue model is compared with cohesive rocks in the crust. The properties of 
these rocks differ greatly. This section will focus on the scaling using basalts and 
limestone. Table 5 shows several material properties of carbonates, basalts, and also 
of Gabbro and Marble. 
 
Based on table 5, we will use these values in this work: 
 
Material ρ (kg/m3) µ C (MPa) E (MPa) 
Carbonates 2400-2600 0.6-0.9 20-80 10-70 
Basalt 2950 1.2 32 60-80 
 
This means that the Ratio of Density (δ) is as follows 
 
(6) δlimest = (2400-2600)/732 = 3.27-3.55 
(7) δbasalt = 2950/732 = 4.03 
 
If equations (6) and (7) are used in equation (5) we get 
 
(8) λlimest = σlimest / δlimest = σlimest / 32.7-3.55 
(9) λbasalt = σbasalt / δbasalt = σbasalt / 4.03 
 
To calculate the length ratio of model and prototype, using equations (8) and (9), we 
will need to calculate the ratio of strengths of limestone, basalt and the model 
material. 
As stated above, the assumed cohesions for limestone and basalt are 20-80 and 32 
MPa, respectively. The coefficient of internal friction and the cohesion of the model 
material can be established from the Mohr-envelope for normal consolidated gypsum 
(blue crosses) in graph 8. The coefficient of internal friction is 0.61, but the cohesion 
of 40Pa applies only to samples, which are not pre-loaded.  
 
(10) σlimest = (20-80) MPa / 40 Pa = 0.5x106-2x106 
(11) σbasalt = 32 MPa / 40 Pa = 0.8 x106 
 
Combining (10) and (11) with (8) and (9) we obtain the ratios of length 
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(12) λlimest = 0.5x106-2x106/ 32.7-3.55 = 15290-563 x103 
(13) λbasalt = 0.8 x106/ 4.03 = 198 x103 
 
This means that 1cm of the experiment equals 150-5630m of limestone prototype, or 
2000m of basalt.  
 
Holland (2004) determined the failure loci of gypsum powder on super-critical 
consolidated shear tests in Jenike shear cell. This method however does not correct 
for the effects of super-critical consolidation on the material strength, as described in 
this paper. Since the experimental setup of Holland (2004) was such that higher 
(stress/strain) failure loci were measured in experiments with a higher pre-load than 
lower failure loci, the resultant critical failure envelope was convex. This curve 
showed a cohesion of 62Pa and a varying coefficient of internal friction, due to the 
convex shape. To be able to scale these values with prototype values (which have a 
linear failure envelope), Holland (2004) extrapolated the linear part of his curve to the 
lower stress regime (Schellart, 2000, reports that a similar method, often applied to 
assume granular materials a yields false cohesion at very low stresses). This 
extrapolated value for the cohesion was 200Pa, an order of magnitude larger.  
Together with a slightly more dense type of gypsum (ρ = 864kg.m3), the Ratio of 
Length calculated by Holland was λ = 44618, where 1 cm of material scales to 450m 
of the prototype. 
 
As noted by Holland (2004), nearly all reported values for strength, internal friction 
coefficients, elastic modules etc. for any rock type are based on laboratory 
measurements on small hand samples. ‘Real’ rock formations however contain a 
large number of sub-horizontal (condensation horizons and other resurfacing events, 
weathering surfaces), non-horizontal (faults, fractures, flow contacts in lavas, 
styloliths), and intercalated (ashes, fluvial belts) weakness planes. Also they contain 
a large number of quasi 1-D wise distributed (lava bombs, fossils and burrows) 
weakness points. It has long been established that these types of ‘failure’ act as 
focus points for stress and are the points of initiation of deformation and failure. As 
shown by Griffith (Hoek, no date) in the early 20th century the chance of the 
presence of such failures generally smaller in small samples, and thus smaller 
samples are stronger than larger samples and these are stronger than the rock mass 
from which they came. Hoek (no date) has published a relation between the size of 
the sample and the strength, based on al large amount of data. A graph of this 
relation is given in figure 27. Holland (2004) suggests that this could reduce the 
strength of whole rock masses as much as an order of magnitude, than values based 
on laboratory measurements. This means the scaling ratios of length could be 
reduced to 
 
λlimest = 0.5x105-2x106/ 32.7-3.55 = 1529-563 x103 
λbasalt = 0.8 x105/ 4.03 = 19.8 x103 
 
Now 1cm of model material scales as 15-5630m of limestone and 200-2000m of 
basalt. 
 
Of course, the range of scaling factors for length for limestone is so large because 
limestone has a huge range of types, and accordingly a large range of input data is 
used. Minor consolidated marls and mudstones are much softer and weaker than for 
example reef carbonates of massive limestones cooked under mid-crustal conditions.  
 
To check the scaling range Young’s modulus (E) will be used. E is defined as  
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(14) E = σn/en 
 
Where E is Young’s modulus (Pa), σn is the applied stress (Pa) and en is the 
extension or extension strain (-). This means that E has the same basic units as 
stress, and the Ratio of the Young’s Modulus (Σ) has therefore the form 
 
(15) Σ = σ · (-)= δ · λ 
 
Since we now know the ratio of stresses we can convert (8) and (9) into 
 
(16) λlimest = Σ limest / δlimest = Σ limest / 32.7-3.55 
(17) λbasalt = Σ basalt / δbasalt = Σ basalt / 4.03 
 
The Young’s Modulus for carbonates and basalts are respectively 0.5-0.8 x1011Pa 
and 0.6-0.8 x1011Pa. Young’s Modulus for the modeling material can be calculated 
from the initial slope of the stress/strain plots from the shear tests. This was done for 
shear experiments 3, 4, 23, 28 and 31 (randomly selected). These values were 
averaged to obtain the Young’s Modulus. The Young’s Modulus for the material was 
found to be 56000Pa. 
This means that (16) and (17) can now be written as 
 
(18) Σ limest = (0.5-0.8x1011)/56000 = 892 x103-1428x103 
(19) Σ basalt = (0.6-0.8x1011)/56000 = 1071 x103-1428x103 
 
(20) λlimest = 892 x103-1428x103/ 32.7-3.55 = 27278-402253 
(21) λbasalt = 1071 x103-1428x103/ 4.03 = 265756-354342 
 
This means that 1cm of gypsum in the box corresponds with 270-4020m of limestone 
or 2660-3540m of basalt. When the sample size based scale reduction is applied, the 
scaling ratio is such that 1cm of gypsum corresponds to 27-4020m of carbonates and 
270-3540m of basalt.  
The scaling ratios determined by the cohesion and by the Young's Modules are not 
exactly the same but have an overlap. This means that scaling of our experiments is 
reasonable for elastic and plastic deformation. 
 
In this paper the scaling ratio based on the cohesion will be used. The scaling ratios 
applied in this work are 1:1500-563000 for limestone and 1:20000-200000 for basalt. 
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Model Results:  
The experimental series 
The experimental series was designed to investigate the influence of mechanical 
stratigraphy, on the development and geometry of the structures formed. The first 
three experiments were designed to test the box, and the PIV analysis, and will not 
be discussed here. Before every experiment the humidity in the laboratory was 
recorded. Table 6 summarizes the main features of each experiment, figure 29 
shows for every experiment frame 50, for reference and comparison. 
 
General description of the observed structures: 
Though obvious differences are present between individual experiments, in general 
the large-scale geometry of the structures does not differ, though there are obvous 
differences in de details. All experiments have a different layer geometry, since sand 
and Graphite/Gyspum layers have been used as decoupling layers in different 
geometries. Figure 29 shows an overview image of every experiment. The overall 
structure at the end of all experiments is a graben, with a pronounced surface 
expression, because, the cohesive nature of the powder has resulted in the formation 
of steep cliffs and canyons. At depth open structures have formed. Before the 
formation of through going structures, en-echelon fault segments and down- and 
upward propagating fractures are the most important structures. Overstepping of 
multiple faults has formed arrays and antithetic fractures formed in the center of the 
box. Interaction between faults near the surface resulted in block rotation. 
Progressive deformation disintegrated these rotating blocks to form rubble zones at 
the surface. Small gypsum fragments are observed to move down through the open 
fractures. 
In this section the structures that formed will be described, figure 30 defines a 
number of the terms used. All images (except figure 35, 36 and 37) are from 
experiment 3 (jan13), and are treated with a high-pass filter (25 pixel radius) to 
emphasize the dark fractures. Following this general structure description, a 
discussion will be presented regarding the results of the experimental series. 
Holland (2004) repeated several experiments with the same geometry and found that 
the experiments are reproducible. 
 
Sub vertical fractures 
Among the first structures to form are sub vertical fractures, running down from the 
surface (key 1 in figure 31). Typically one to two of these cracks form some distance 
outside the point were the basement faults trace intersects the surface. They initially 
form as Mode I fractures, but during deformation, they can change to a Mixed Mode. 
As these structures become connected (either by downward propagation or 
connection to other, upward propagating structures) to dipping, through-going 
fractures and the hangingwall has been moved down relative to the footwall block, 
they also develop a throw. These cracks are rough, with their asperities influenced by 
the bedding of the model. Later in the experiment these Mode I fractures also form in 
the middle of the central block (key 1, figure 32).  
Curved fractures 
More towards the center of the model, relative to the outer Mode I fractures, curved 
fractures form (key 2 in figure 31). These can either penetrate the surface, or remain 
buried during the initial stages of the deformation. At the surface they generally dip 
away from the center of the box, but in later stages these fractures continue 
downward, dipping toward the center. The failure mode of this fracture is pure Mode I 
in the beginning of the deformation, but this changes to Mode II or mixed modes, as 
the deformation progresses.  
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Basement bound fractures 
Due to the sharp deformation gradient at the intersection point, small vertical Mode I 
fractures form perpendicular to the table (key 3 in figure 31). The powder forms open 
fractures. As the deformation progresses and other deformation structures become 
more important, these features close and become hardly visible.  
 
Block rotation 
Figure 31 shows a progressive stage of deformation. Note that the surface is now 
penetrated by two Mode I fractures (key 1 in figure 32) on each side of the central 
block, and by a single Mode I fracture in the center of the model. The wedge shaped 
block bounded by the Mode I fracture and the curved fracture (key 2 on figure 32) 
begins to rotate as the central block moves down. This is a rigid body rotation, with 
no strain, until the block disintegrates as the rotation progresses. The curved 
fractures still do not penetrate the surface and are covered by the rotating blocks. 
 
Through-going fractures 
With progressive deformation, through-going fractures begin to form (key 4 on figure 
32). These structures connect the surface and the bottom of the experiment, and 
usually initiate in segments, as a number un-linked, en-echelon fractures in the early 
stages of the experiment. Later these structures are linked. These fractures link 
existing Mode I fractures (key 1) or curved fractures to the intersection point. They 
have a rough surface, where the tensile strength keeps cavities open, forming a type 
of connected network of open fractures. These cavities along the fault plane are 
analogue to the dilatant jogs described in the introduction. These jogs form on sites 
where a decoupling material changes the dip angle of the fault, but also occur within 
the pure gypsum column, where probably due to changes in compaction, the material 
properties vary slightly. 
The two through-going faults in the center have a dip that is steeper than that of the 
master faults. Here the two fractures have dips of 68-70° (not taking into account the 
curvature in shallower sections), while the master faults have a dip of 60°. This 
means that with increasing deformation, the central block will become increasingly 
unsupported and will deform. This results in the formation of the Mode I fracture in 
the center of the block.  
The depth at which a though going structure changes from a vertical Mode I fracture, 
to a inclined Mixed Mode fracture is roughly constant in all experiments; roughly 6-
7cm. This corresponds well with the maximum height of an unsupported gypsum 
wall, described at the material characterization chapter. The level where this change 
occurs is referred to in this report as the critical depth. 
 
Died fractures 
The left structure indicated with key 4 in figure 32 is not really through-going. It 
formed in the very early stages of deformation (see figure 31) but it stopped before it 
reached the bottom of the model as a similar fault formed more to the center. This 
older fracture consists of two parallel fault strands. The fact that it remains visible is 
because the cavities that formed along the rough fault, stay open even when 
movement along the fracture stopped. 
 
Damage zone 
Slip of the rough fault planes of a through-going fracture will cause deformation 
asperities in the wall rock. The wall rock is fractured and crushed in a zone along the 
fracture. Key 4 in figure 33a) shows these damage zones. These zones seem to 
occur only in the deeper parts of the box, where perhaps due to compaction, the 
material is more brittle due to higher compaction. Figure 33b) shows a detail of such 
a damage zone. Small, Riedel like fractures splay from the main fault into the 
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hanging wall. No such structures are observed in the footwall block. The angle 
between the main fracture and the splays is about 30°.  
 
Antithetic fractures 
As the central block becomes less and less supported, it will form antithetic fractures 
(key 5 in figure 33a). These fractures will initially start at the Mode I fracture, in the 
center of the block. Progressive deformation will form new antithetic fractures higher 
in the stratigraphy (key 5 in figure 34). These younger antithetic fractures do not need 
to be connected to the central Mode I fracture, but may form a curvature near the 
surface, similar to the curved buried fractures in figure 32 (key 8 in figure 34). These 
antithetic fractures are essentially similar to the through-going fractures, as they also 
can consist of en-echelon, unlinked sections, and have cavities formed along the 
surface which stay open, as deformation along the structure is stopped. 
 
Disintegration, milling and bulking 
As the wedge shaped block rotates more, it begins to disintegrate. Fragments from 
this block fall into the through-going fracture and will be milled or ground down even 
further (key 6 in figure 33a), and detail 33c). These fragments can eventually fill an 
open or dilatant fracture, but since cavities are still present in this filled fracture, the 
filled volume is larger than the original volume. This increase in volume, through the 
increase of porosity is called bulking and the ratio of volume after fragmentation, over 
the volume before fragmentation is called the bulking factor. For limestones this 
bulking factor is reported to be 1.63, and for basalts the typical value is 1.64 10.  
In the experiments were sand has been used as a decoupling layer, the sand can fill 
the open fractures more than the gypsum or the Graphite/Gypsum layers. Sand has 
no cohesion and a small angle of rest and will thus flow open cavities with greater 
ease.  
In later stages of the deformation, interplay between the milling of boulders and the 
formation of a damage zone, will lead to a relatively wide zones of deformation along 
the fractures. In figure 34, key 6 indicates areas where not only milling but also the 
formation of damage zones is taking place. Along the through-going fractures in this 
image, the thickness of the damage zone varies from 0.2 to 1cm. The presence of 
cavities is very important in the natural prototype; these would be the sites for 
promoted fluid flow, and mineral and ore deposits. 
 
Cliffs and canyons 
The tensile strength of the gypsum powder allows for the formation of near vertical or 
even overhanging cliffs (key 7 in figure 33a) and 34), and deep vertical canyons (for 
example at the sites were deep Mode I fractures penetrate the surface). In figure 34 
key 7 points to a cliff of 4 cm high. These cliffs are not static and do sometimes 
collapse. Figure 35 shows a grayscale image of the top surface of the jan13 
experiment after deformation. The distance between the glass panels is 15cm. 
Boulders of 0.5-1cm diameters detach from the top of the cliffs and roll for several 
centimeters towards the center of the box (key 9 in figure 35). Larger blocks of 
several centimeters have detached themselves from the cliffs (key 10, 35) and now 
lie in the rubble zone at the base of the cliffs, key 11, 35. The surface penetration of 
Mode I fractures produce canyons of several centimeters deep. Key 12 in figure 35 
points to such a canyon. The deepest point of a cliff corresponds with the critical 
depth for the Mode I/ Mixed Mode transition.  
 
                                                
10  Data from the Earthworks website, 
http://www.dur.ac.uk/~des0www4/cal/roads/earthwk/earthwk.html. 
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Surface morphology 
The surface morphology after an experiment shows a number of characteristics and 
structures. Cliffs, falling and rotating boulders, rubble zones and canyons have 
already been discussed. 
Basically, the surface morphologies can be divided into three types. The undeformed 
domain (key A in figure 35) is that terrain which is not influenced by the deformation.  
Opening Mode I and dilatant fractures control the surface morphology in the area 
designated with key B in figure 35. These can either be orientated perpendicular (key 
12 in figure 35) or parallel to the glass panels (key 13). The area in the center of the 
image, the graben block is most affected by this type deformation. The panel-
perpendicular fractures typically have larger openings and are more pronounced, but 
they need not be through-going. Branching and imbricated fractures are observed in 
nearly all experiments. The surface features in these domains include fractures or 
canyons of various scales. Where these fractures branch or meet a fracture of a 
different orientation, collapse structures can form (key 14 in figure 35). 
The area designated with key C in figure 35 consists of the cliff, the rubble zone and 
the associated features. The morphology in this area is controlled by the Mode II 
dilatant faults, though Mode I fractures can be found here as well. Deformation can 
be accommodated by a single large scrap, or by a number of smaller dilatant 
fractures, depending on the set-up of the experiment. Also the development of a 
rubble zone is controlled by the early geometry of the deformation structures. It has 
been observed that when the primary through-going fault connects with the outer of 
the two earliest formed Mode I fractures (key 1 in figure 31), the rotation of the wedge 
shaped block is not as prominent. It is the disintegration of this block that forms the 
bulk of the damage zone.  
 
Monocline 
The development of a monocline11 depends on the style of deformation in deeper 
sections of the model. A good example of this is given in figure 36a). Here a clear, 
faulted Monocline developed on the left side of the central block, directly next to the 
cliff face. On the other side of the model, no such monocline developed, this will be 
discussed later. 
 
Ductile shear 
When a TGS crosses a sand layer, the sand is sheared into a simple shear 
geometry. Note how the sand layers in figure 36a,b) rotate and are smeared out 
when a fault crosses a sand layers. This is an example of non-dilatant plastic flow. 
This geometry looks very similar to the clay smears described by van der Zee (2001) 
and Schmatz (in prep). In nature, the presence of smears in fault zones has large 
implications for, for example, the permeability or sealing capacity of faults (van der 
Zee, 2001). Other example of ductile shear can be found in for example figure 55, 
frame 100, where the four graphite layers on the right side of the model show an 
increasing dip with depth. No dilatant structures are found within this gypsum lens, so 
the increasing rotation was interpreted to be the result of non-dilatant plastic flow. 
 
Fracture continuation  
As can be seen in the topview image of the jan13 experiment, the fractures are not 
completely straight. They branch or become imbricates (key 15 in figure 35), and 
single fractures show a distinct amount of sinuosity. How fractures behave in the 
center of the experiment is one of the larger remaining questions.  
In the present work, some attempts have been done to visualize the 3D character of 
the faults in the experiments. After experiment 11 (Feb22) horizontal sections were 
                                                
11 A monocline is defined as a series of strata that have steeped in a otherwise uniform dip, 
for example, as the result of on one side of a fault (Bates and Jackson, 1987) 
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made by carefully removing gypsum around and above the fault array. By making the 
surface flat with a large knife any open fractures were irreparably closed up, but the 
resultant images do give some information regarding the nature of the fault planes. 
Figure 37a) shows an interpreted oblique view of the left side of the box. The 
fractures are in red, and dashed where interpreted. In light blue the transitions of the 
pure gypsum to the black, graphite mixture are marked, and dashed where 
interpreted. The white numbers represent the order of Graphite/Gypsum layer, 
numbered from the top. In this image several fault intersect the black gypsum layers. 
The fractures are almost straight going from one side of the glass panel to the other, 
and there is no clear indication that frictional drag along the sidewalls has seriously 
influenced the fault geometry. Figure 37b) shows a topview example from the right 
side of the box after experiment 11 (Feb22), slightly higher in the stratigraphy. Again 
the fault planes are straight and do not appear to be influenced by frictional drag. The 
non-uniform distribution of layers in both images is the combined result of the 
topography on the gypsum-Graphite/Gypsum interface, and a not completely 
horizontal sectioning. 
This kind of sectioning could only be done with experiments were Graphite/Gypsum 
mixtures were used as a decoupling layer. Sand does not undergo flattening of its 
surface as cohesive powders does, and pure gypsum experiments can not be 
sectioned this way because a colored marker layer is required to provide the contrast 
between the hangingwall and footwall blocks of the fracture. 
The degree of connectivity of these fractures of course has huge influences on the 
fluid flow properties of the natural prototypes. 
 
Elastic deformation prior to failure 
Before the gypsum material fails, displacement is accommodated by elastic 
deformation. The magnitude of this deformation is very small, but the combined 
sensitivity of the Nikon Camera and the PIV analysis records even these small 
strains. The first frames of figure 38 and figure 39 show the displacement field prior 
to failure. Figure 38 is taken from the experiment 11 (feb22) and figure 39 shows a 
detail from experiment 8 (feb03). The background images have been inverted, so 
fractures occur white, and are better visible. The arrows in figure 38 have been 
configured that the vectors on the base of lateral table are zero, and thus that the 
remainder of the vectors is relative to this table. The arrows in 39 are configures to 
show displacement relative to the vectors on the right side of the image. Note that in 
both figures, the vector length has been multiplied with a factor 14. In the first frame 4 
of figures 38, displacement occurs in a diffuse field, with larger displacements in the 
middle of the box (left of the image), which merge into lower values on the right side 
of the image in the next frame, this displacement field is not accompanied by any 
brittle structures and is thus interpreted as a elastic strain. In frame 8 of figure 39, the 
displacement shows a very sharp gradient, while crossing a small Mode I fracture, 
opening at the surface. At depth in the experiment, where deformation is not yet 
localized in a brittle structure, the displacement field is still diffuse. In frame 17, a 
sharp displacement gradient occurs more to the left, where a new, near vertical en-
echelon fracture array develops. The small arrows in the block between the steeply 
dipping fracture array and the Mode I/ Mixed Mode fractures indicate that this block is 
hardly moving. The arrows at the top of the near vertical fracture array indicate that 
here block rotation is taking place. In frame 30 there are two displacement gradients 
visible, one over the near vertical fracture array, and one within the block defined by 
the fracture array and the first Mode I fracture. The fracture that is formed here 
becomes the most important through going structure at the end of the experiment, as 
frame 45 indicates. 
Based on this image sequence it is clear that deformation in the gypsum powder 
develops a number of structures that die out and become obsolete. The most 
important structure is not formed in the early stages of the experiment. 
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In figure 39, frame 5 shows a diffuse displacement field. The displacement field in 
frame 6 has a gradient where the Mode I fracture begins to form. In the successive 
frames, the displacement field changes as the Mode I fracture propagates down. The 
fracture changes in a mixed mode fracture, as it passes the critical depth in frames 8 
and 9. Note that the arrows on the left side of the block do not point perfectly 
horizontal to the left, but display a rotation component as well. This means that Mode 
I fractures at the surface are not pure Mode I (tensile opening) but have a rotational 
components. This explains why these Mode I fractures are wider at the top than at 
depth. 
 
Non-dilatant plastic deformation 
In figure 40 the Exx strain field, calculated by PIV, is plotted over the original input 
TIFF12. The experiment shown here is experiment 4 (jan13). The strain field is 
calculated relative to the previous image, between the two successive input images 4 
and 5 from the Nikon dataset. Figure 37a) is input image 4 overlain with PIV output 
image 4. A ~1cm wide band of high strain runs from the top of the image (the color 
scale bar is plotted right of the image), to the point where the central table and the 
right lateral table meet (the intersection point). A small fracture is visible at this 
location but the remainder of the band is free of fractures. This is the first input image 
of the analysis shown, the second image on which the strain field is based is 
presented in figure 37b) (note that the strain field did not change, beause it is the 
same picture). The crack at the central/lateral table contact is grown, and a second 
crack is visible at the top of the image. Also a number of hardly visible en-echelon 
fault segments have formed on both sides, in figure 37c) the untreated input image is 
shown for clarity. In the center of the image, within the ellipse, there are no cracks 
visible. We interpret this zone of localized deformation to indicate non-dilatant plastic 
deformation, before fracturing. We note that with these settings of the interrogation 
window the PIV is unable to detect zones of deformation > 16pixels (2x8 pixels). This 
means that the width of the zone of high strain does not contain information about the 
real width of the zone (J. Schmatz, Personal communication, 2005). 
 
Experimental results 
For every experiment frames 20, 60 and 100 from the Canon overview image set are 
presented. For the remaining images, and the Nikon image set, the reader is referred 
to the DVD. For the PIV output, only three images from the Absolute Displacement 
image set and from the Relative Rotation image sets are given, for the remaining 
images and the other PIV output, the reader is again referred to the DVD. From these 
image sets frames 10, 30 and 50 are presented were they are available, in some 
experiments, the number of input images varies, as a result from faulty 
communication between camera and PC. The Absolute Displacement is displayed 
because these images show the gradient displacement over fractures, and also act a 
reference frame for the Relative Rotation images, because the input image is 
displayed in the background. The colored, deforming grid shows the total amount of 
displacement up to that point.  
In the Relative Rotation images, the fractures are displayed as dark colored bands. 
Because of the location of the input images (all images are from the right side of the 
box), and the nature of the Rotation analysis synthetic fractures have negative 
rotation values (blue colors) and antithetic fractures have positive values (green 
colors). Diffuse areas of color in these images represent block rotation. A sequence 
of Relative Rotation (that is the amount of rotation, relative to the proceeding image) 
                                                
12 The function multiply in Adobe Photoshop was used for this action. This minimizes the loss 
of quality. 
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has the ability to display which fractures are active at that moment and which are 
inactive.  
 
Experiment 4, Jan 13 
The experiment done on the 13th of January is the first experiment of the 
experimental series. The box was filled with a 20cm gypsum column. Three images 
from this experiment are presented in figure 41. 
 
The structures that evolve on either side of the box are symmetrical, the through-
going fracture that evolves from the most left Mode I fracture in the early stages of 
deformation dies out soon after its formation. The deformation is then accommodated 
by a through-going fault, which connects to the more central Mode I fracture, and the 
curved fracture. Note the amount of milling and fragmentation, both in the fault 
damage zone, as well as in the wedge shaped block.  
The cliffs that form, have an overhang in the order of 10° and they do not collapse. 
They are positioned symmetrically; roughly 6 cm away from the point where the 
master fault penetrates the bottom of the box (intersection point). The two main 
through-going fractures have dips of 68-70°. This dip is larger than that of the master 
faults, and antithetic fractures form in the central block to accommodate deformation. 
As the tips of these fractures move below the level of the lateral tables, new antithetic 
fractures form, more distant from the center of the box. 
 
PIV 
The PIV Relative Rotation output images show that the through going fracture 
remains active for the entire length of the experiment (figure 42), but the geometry of 
the active fracture changes from curved (see also discussion in paragraph Elastic 
deformation prior to failure), via straight to the formation of parallel fault strands. Only 
at the end an antithetic fracture is formed within the displayed area. The points were 
the displacement grid seems to be ‘pulled back’, are points were small, particles that 
did not move disturb the analysis. These particles are for example attached to the 
glass. 
 
Experiment 5, Jan 18 
In the Jan 18th experiment a thin (3-5mm) sand layer was emplaced 2 cm from the 
bottom of the box. The total column height was again 20cm (see figure 43). 
 
The first through-going fractures to form are not symmetrical. On the left side of the 
box, a through going structure forms between the curved fracture and the intersection 
point of the master fault and the bottom of the box. This fracture has a dip of ~68°. 
On the right side of the box the through-going fracture forms between the outer most 
Mode I fracture and the master fault intersection point. From both the intersection 
points, not one but two or three basement bounded fractures form, all at different 
angles. These fractures end against the underside of the sand layer. The through-
going fracture on the right side of the box has a large deflection as it passes through 
the sand layer. Above the sand layer, this fault has a dip of ~57°, but below the sand 
layer, this fracture changes to a curved fault, with an overall dip of 32°. This fracture 
is accompanied by a near vertical structure that runs from the curved fracture to the 
intersection point. The resultant lens stays intact for some time while the sand layer 
accommodates deformation. Note how this sand layer is rotated and stretched. As 
two new, overstepping through-going faults form within this lens, the sand layer is 
sheared into a smear (see figure 43, frame 60). These new through-going faults do 
not totally takes over from the older fractures. In the movie it is visible that both 
inclined fractures accommodate deformation, while the near vertical fracture does not 
move anymore.  
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Although the through going fracture on the left side has a dip larger than that of the 
master fault, only a limited number of antithetic fractures form. The fault sprouting 
from the central Mode I fracture is only accompanied by a single, and oddly curved 
fracture late in the deformation. This new fracture looks like a combination of a Mode 
I fracture, with a curved fracture attached to its tip. On the right side no real antithetic 
fractures form (except the one sprouting from the central Mode I fracture). 
 
On the left side of the experiment, the collapse of the cliff forms an extensive rubble 
zone, while the right side does not seem to fragment as much. Note that also the 
positions of the cliffs is asymmetrical, as the first through-going faults dos not 
connect with the same structures on both sides. 
 
PIV 
The Relative Rotation output image (see figure 44) shows that the fractures do not 
develop at constant rates. The through-going fracture on the right has clearly 
increased in size, but in frame 30 it is not displayed with very strong colors. 
Apparently the growth of this fracture is decelerated in this image. In the Rotation 
frame 50 the analysis produces rotation in a zone, which appears to be free of 
fractures in Displacement frame 50. This zone is located between the left though 
going fracture, and a newly formed Mode I fracture on the right. We interpret this 
zone as a zone were non-dilatant plastic flow takes place. 
The background of this image, and particularly the lower and lower left side of these 
images show a large amount of scatter. Apparently the PIV analysis had a better fit 
within the sand than within the gypsum, because the sand layer appears as a white, 
rotation free strand within these images. 
 
Experiment 6, Jan 20 
In this experiment, again a 20 cm column of gypsum is used. Now a sand layer is 
included at 5 cm from the bottom. The connection of the Nikon camera to the 
computer failed after 16 minutes. As a result 6 images (3 minutes) were lost, and the 
camera was moved slightly as the connection was restored. The PIV analysis of this 
camera only consists of 33 images because the gap in the data and the translation of 
the camera are incomprehensible to the PIV analysis. Images from the Canon data 
file are given in figure 45. 
 
In this experiment, through-going faults form from both the curved fractures near the 
surface as from the two outer most Mode I fractures. These last two fractures do 
however not penetrate to the intersection point. In the beginning of the deformation 
these fractures change their position across the sand layer several times, while the 
dip remains constant and the position of fracture higher in the succession stays the 
same. From the intersection point, two or three basement bound faults form at 
different angles. These fractures end against the sand layer.  
 
The most left listric fault dies out early in the experiment, and the through going fault 
connected to the curved fracture accommodates the deformation. This fracture has a 
dip of 80° above the sand layer, but flattens to 60° as it crosses the sand layer.  
On the right side a new through-going structure forms between the intersection point 
and the second Mode I fracture. This structure defines together with the first TGS on 
the right side a lens of gypsum. As this new structure forms, the fault connecting the 
curved facture and the intersection point dies out, but the other older TGS stays 
active. The lens deforms as it rotates between the two bounding fractures by the 
formation of small fractures in the top of the succession. Where it crosses the 
through going fracture, the sand layer is sheared. A number of small structures form 
in the gypsum between the intersection point and the tip of the right most structure, 
but these are to small to fully accommodate the deformation of the lens. Note how 
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the sand layer changes shape, as it becomes a shear zone, where deformation is 
accommodated by layer parallel slip.  
As the sand layer crosses the main deformation structure, it becomes sheared into a 
smear on both sides of the model. Towards the end of the experiment the sand layer 
has been deformed into a number of steps directly left of the main deformation 
structure, while no clear fractures are observed in the gypsum. This is the result of 
small offsets in the beginning of the experiment, which have become exaggerated as 
the sand layer was sheared and rotated. This almost ductile deformation in the sand 
layer spreads out into the gypsum. As a result, asperities in older fractures are closed 
and the fractures are no longer visible. 
 
The first central Mode I fracture nucleates at depth, and grows both upward and 
downward at an angel of ~67°. Later a pure Mode I fracture, that nucleates at the 
surface, forms in the middle of the box. The antithetic fractures that normally connect 
from the right side of the box now connect to the first formed fracture, and the left 
antithetic fracture penetrates the surface on its own.  
The most extensive rubble zone is formed on the left side of the box, were the TGS 
cuts through both the curved fracture and the inner Mode I fracture. The wedge 
shaped block between these two surface features is completely fragmented. Note 
that the damage zones of the left through-going fracture are more extensive, as on 
the right side of the box. 
 
PIV 
In frame 10 of the Rotation output (figure 46), there is an almost triangular zone of 
rotation on top of the though going fracture. This is caused by the rotation of the 
wedge shaped block. Note in frame 21 the development of two antithetic fractures, 
which are barley visible in the displacement output image. In the last image we see 
that the right most fracture and the antithetic fractures have decreased in activity and 
that the through-going fracture in the middle has developed two parallel fault strands. 
 
Experiment 7, Feb 01 
The February 1st experiment involved a 20 cm gypsum column with a thin (3-8mm) 
sand layer at 10 cm (see figure 47). 
The first deformation structures, form relatively far from the center of the box, when 
compared to experiment 4. The outer Mode I fracture on the left side of the box 
connects with a fracture coming out of the sand layer to form a non-through-going 
listric fault, which penetrates the sand layer, but does not cut through to the 
intersection point of the master fault. The inclined fracture has the same dip above 
and below the sand layer of ~57°. On the right side, the outer Mode I fracture goes 
straight down and ends on the sand layer. A structure with a very small offset does 
extend below the sand layer at an angle of ~55°, but this structure does not reach the 
interception point. It does however accommodate some rotation in the block between 
this structure and a through-going structure that formed the inner Mode I fracture and 
the interception point. This fracture is curved below the sand layer, and has a step 
when it crosses the sand. Together with a second through going structure between 
the curved fracture and the interception point, this fracture defines a lens. This lens 
has a disintegrating block above the sand layer, forming a kind of rubble zone. The 
lens block beneath the sand layer also disintegrates by small fractures, but these 
close again when the deformation continues. Note how the sand flows into the open 
fractures that form beneath the sand layer. 
On the other side of the box a similar lens forms, but here the outermost fracture is 
not as curved near the surface as on the right side, reducing the extent of the rubble 
zone. This geometry forms a monocline instead. 
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The formation of the antithetic fractures in the middle of the box is no longer 
centralized around a central Mode I fracture, because there is no such Mode I 
fracture. Instead a number of curved fractures form, which extend downwards to form 
antithetic fractures. 
 
Perhaps the asymmetry in the early stages of deformation is caused by the rotation 
of the central table. For some reason, the central table rotates anti-clockwise, moving 
the left lateral table before the right lateral table begins to move. 
 
PIV 
In all three Rotation output images of figure 48 there are blue areas, indicating 
counterclockwise block rotation. The left, steeply dipping through-going fracture 
appears to be rather stable in these three images, while the right fracture is rather 
less well defined. 
 
Experiment 8, Feb 03 
The experiment of the 8th of February is characterized by a high degree of 
complexity. The box is filled with 20cm of gypsum, in which four 3-5mm sand layers 
are positioned at 3, 6.5, 10 and 13.5 cm from the bottom. Unfortunately, during the 
final stages of the experiment, increased friction between the rig and the glass 
caused changes in the deformation rate. What caused these velocity changes is not 
known, but they are visible in the movie as the rig comes to almost a complete stop 
three times. This did not influence the PIV analyses because it happened late in the 
experiment. However, failure of the connection of the Nikon camera with the 
computer after 10 images resulted in the loss of 4 images in the most interesting part 
of the experiment. Because the camera was also moved as the connection was 
restored, the PIV analysis is only 10 images long. Three images from the Canon 
image set are given in figure 49. 
 
The earliest structures to form are Mode I fractures in the far field on either side of 
the deformation box, and a near vertical through-going structures between the left 
interception point and a curved fracture at the surface. The two Mode I fractures 
evolve into listric faults, but do not penetrate all the way to the intersection point. On 
the right side of the model, a new Mode I/listric fault develops closer to the center of 
the box, while a fracture extends upward from the right intersection point to end in a 
curved fracture near the surface. The new listric fault becomes the most important 
deformation structure on this side of the box, and it shears the sand layers into thin 
smears as they pass it. On the left side of the box, a new listric fracture forms from a 
new Mode I fracture and the intersection point. Though the overall dip of this 
structure is about 59°, the dip reduces to 45° between the lowest and second lowest 
sand layer. This forms a kind of ramp structure, forcing the hangingwall to deform as 
it passes over the ramp. This results in complex array of synthetic and antithetic 
structures between the listric and the near vertical through-going structures.  
 
In the middle of the box, only a few antithetic fractures are formed. Because the dips 
of the TGSs are not as steep as for example in experiment 4, the middle block does 
not deform as much. Notice how the first antithetic fracture to form on the right side of 
the box seems to form through the linkage of en echelon fractures, centered on the 
sand layers (see also figure 36b). There is no clear fracture within the sand layer, but 
there are steep fractures in the gypsum layer apparently symmetrically originated 
from the sand layer. As the deformation progresses these isolated fractures die out 
and no longer are active. 
 
Nearly all faults in this experiment show some kind of change of dip as they pass a 
sand layer. As the most right listric fault passes through the second highest sand 
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layer, its dip direction reverses. This shows that the transition from gypsum to sand is 
accompanied by a transition in material characteristics.  
 
PIV 
Unfortunately only 11 images from this experiment were suitable to be processed 
with PIV. Three of these output images are presented in figure 50. Little can be 
discussed on basis of these images, but notice how the listric fracture changes 
position from frame 6 to frame 10. 
 
Experiment 9, Feb 15 
This is the first experiment where a layer of Graphite/Gypsum mixture was used to 
decouple the gypsum layers. The total column is 20 cm high and a 1cm 
graphite/gypsum mixture was emplaced at 10cm from the bottom. Canon image set 
frames 20, 60 and 100 are presented in figure 51. 
The graphite/gypsum mixture is expected be relatively strong compared to the sand, 
but weaker than normal gypsum.  
The first structure to form on the left side is a Mode I fracture that changes direction 
at depth and becomes a through going structure that connects to the intersection 
point. On the right side a curved fracture in the far field also connects to the 
intersection point to form a TGS. This fracture has a distinct change in dip as it 
passes from the Graphite/Gypsum layer into the gypsum below; it curves back before 
it continues with a dip of 63°. Above the Graphite/Gypsum layer, the dip is 69°.  
On both sides of the box, curved fractures in the central parts of the box define 
together with the older through going structures lenses of gypsum. New Mode I 
fractures that form within these lenses on the surface, and antithetic fractures 
confined within these lenses deform and fracture the gypsum lenses as the 
deformation continues. 
A Mode I fracture forms in the center of the box, which does not penetrate through 
the Graphite/Gypsum layer. Some of the antithetic fractures within the middle of the 
box do not penetrate this graphite layer either, but others do. In general the final 
geometry of this experiment resembles both the geometries of experiment 4 (20 cm 
gypsum) and experiment 7 (20cm gypsum with a sand layer at 10cm). The main 
through-going structures are not much steeper as the master faults, and they define 
together with steeper, more central structures lenses of gypsum. This is similar to 
experiment 7. The presence of many antithetic fractures in the center of the box (that 
is, above the graphite/gypsum layer) resembles experiment 4.  
 
PIV 
The darkness of the Graphite/Graphite layers in this experiment has an effect on the 
quality of the PIV analysis. Note how the scatter increases in the Rotation output 
image at the location of this layer in figure 52. Block rotation is also visualized in 
these images by the presence of areas of diffuse blue colors. The zone of diffuse 
blue colors around the right through-going fracture below the Graphite/Gypsum layer 
in frame 60 can be the result of plastic deformation or the development of multiple 
fault strands. These images suggest an evolution where the steep left through-going 
fracture becomes progressively less important as the shallower dipping right through-
going fracture becomes more important. 
 
Experiment 10, Feb 17 
In this experiment, a 1cm thick layer of the Graphite/Gypsum mixture was placed at 5 
cm from the bottom, in a 20cm layer of gypsum powder (see figure 53) 
During the filling of the box prior to this experiments, one of the clamps holding the 
glass moved slightly, as a result a Mode I fracture formed. The first structures to form 
are on both sides two Mode I fractures at the surface, and a more central curved 
fracture. On the right side of the box the most right Mode I fracture is the fracture that 
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formed while filling the box, it just became larger. The curved fracture on this side 
does not penetrate the surface and a new curved fracture forms not much later, 
higher in the stratigraphy. On the left side, the curved fracture is thus positioned that 
a new (third) Mode I fracture is formed as the wedge shaped block begins to rotate.  
A listric fault connects to both the outer Mode I fractures on either side of the fracture, 
but as the right listric fault dies out below the graphite/gypsum layer, the left listric 
fault penetrated to the intersection point. The overall dip of this through-going fracture 
is ~48°, but ranges from 40° to 51°. On the right side a newer listric fault connects the 
more central Mode I fracture with the intersection point.  
The TGS on the right of the box has a dip of ~63°. With continuing deformation, few 
new structures form on this side of the box. The Gypsum block between the curved 
fracture and the TGS is milled and broken with continuing deformation, forming an 
extensive damage zone. On the Footwall block side of the fault no additional 
deformation takes place.  
On the left side of the block, where the through-going structure has a shallow dip of 
~48°, a second TGS between the curved fracture and the interception point is 
formed. These two structures define a lens of gypsum between them. Progressing 
deformation along the through-going structures deforms the lens. Especially the dip 
change in the left structure pushes gypsum upward as it moves along it, and a 
number of antithetic fractures form on this point. The surface expression of this dip 
change is a monocline.  
With progressing deformation a number of antithetic fractures form in the central 
block of gypsum. These appear symmetrically arranged against the center of the box, 
and form from curved fractures near the surface. They however do not penetrate 
through the Graphite/Gypsum layer. 
 
PIV 
Frame 30 of the Relative Rotation output images of figure 54 displays a dip change 
as the through-going fracture passes over the Graphite/Gypsum layer. The 
decreased PIV-correlation due to the dark Graphite/Gypsum mixture does 
unfortunately not allow the PIV analysis to dissolve this fracture within this layer. In 
frame 10, the diffuse blue area over the through going fracture probably not the result 
of block rotation, the fracture pattern in the displacement output show that there 
simply is no room for rigid body rotation because there are no fractures. This zone 
most likely results from the elastic strain field prior to failure, earlier described in this 
thesis. In output frame 50 a splay can be seen to form in the upper half of the 
through-going fracture. 
 
Experiment 11, Feb 22 
In this experiment four 1cm thick layers of Graphite/Gypsum mixtures were included 
in a 20cm gypsum column. Layers with 33% graphite were emplaced on 3, 6 and 9 
cm from the bottom of the box, while a fourth Graphite/Gypsum layer with 25% 
graphite was placed 10cm from the bottom. Canon image set frames are presented 
in figure 55. 
The intercalation of that many graphite layers has the effect that very early in the 
experiment, the geometry becomes very complex. Multiple curved fractures exist at 
the same time while in previous experiments only one was present at each side of 
the box. In the present experiment on the left side of the box two through-going 
structures form at the same time, which curve near the surface. This results in the 
formation of a wide rubble zone at the surface as the deformation proceeds. The two 
through-going faults have dip ranging from 65 to 77°, and a number of dip changes 
are observed, especially in the left fractures where dip changes occur on the lowest 
two Gypsum-Gypsum/Graphite interfaces. Dips in the pure gypsum are steeper 
(~73°) compared to dips in the Graphite/Gypsum mixtures (~60°). These dip changes 
form dilatational jogs as the deformation proceeds. Also note how the dip curves 
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back from dipping to the right to dipping to the left as the left most through-going 
fracture passes into the upper Graphite/Gypsum and back to dipping to the right as 
the lower Gypsum-Graphite/Gypsum interface is crossed. As progressing 
deformation moves the hanging wall block down, this curve forms a large dilatational 
jog, until it is filled in with gravity driven transport of gypsum fragments.  
The lens between these two through-going structures is divided through the middle 
by an additional fracture, but exhibits mainly block rotation as the deformation 
proceeds. As the top part of these two lenses become unsupported, they are divided 
from the lower part by the formation of an inclined Mode I fracture, which both have a 
dip of ~70°. 
On the right side of the box several steep dipping fractures form progressively from 
curved fractures near the surface. In the pure gypsum layers, these fractures are 
nearly vertical, but particular in the two deepest Graphite/Gypsum layers, they dip to 
the left with dips of ~70°. Down dip movement along these fractures is not very large 
and new fractures form to accommodate progressive deformation. Then a through-
going fracture is formed with an overall dip of ~60° (the dip of the buried master fault) 
between the intersection point and a new formed Mode I fracture near the surface. 
The dip between the intersection point and the lower graphite/gypsum layer is 
roughly 40°. To accommodate for this change in dip, a newer, and more central 
through-going fracture is formed, also with a dip of roughly 60°. Between these 
fractures ductile deformation deforms the lower part of the lens. This is witnessed by 
the change of dip of the Graphite/Gypsum layers with depth at the end of the 
experiment. While the upper layer still is nearly horizontal, the deepest layer has a 
dip of about 45°, while there are no clear deformation structures visible to account for 
this change in dip. 
 
The antithetic fractures in the center of the box do not develop as good as in other 
experiments. They do however develop clear dip changes in the graphite/gypsum 
layers. The dip in pure gypsum is ~70°, while in the Graphite/Gypsum layers, the dip 
is about 50°. 
 
PIV 
Image 56 shows the PIV output images for this experiment. The large numbers of 
Graphite/Gypsum layers produce a lot of scatter in the background of the rotation 
output. Though the numbers of fractures in the input images for this experiment are 
large, only a few of these fractures seem to be active at the same time. In the 
Rotation output images, there are no more than two synthetic active at the same 
moment, with some times an antithetic fracture. The fact that the position of these 
synthetic fractures change between frames witness to the fact that the are not as 
stable as the fractures in other experiments. 
 
Presence of structures and features in experiments 
In table 7 the presence of structures and features is summarized. 
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Discussion 
Gypsum vs. Sand as a model material 
Fine cohesive powders have the potential for very detailed study of equally detailed 
geological problems. The fine grain size results in the preservation of very small 
structures, while sand forms zones rather than discrete faults. The width of these 
zones is a function of the grain size (Horsfield, 1977 cited in Ellis and McClay, 1988, 
Lohrman et al., 2003). But more importantly, the fact that these powders have a 
measurable tensile strength and cohesion allows for the formation of structures which 
are not observed in analogue modeling up to now. Sand only has an apparent or 
virtual cohesion and no tensile strength thus the formation of steep cliffs and open 
fractures is not possible with this material (see for example Ellis and McClay, 1988; 
Buchanan and McClay, 1991; Schellart, 2000; Lohrman et al. 2003). This study and 
the study by Holland (2004) have shown that these structures can be reproduced 
using a cohesive powder. These studies show that the material does not respond like 
sand, with the immediate formation of a through going structure, which will form a 
new structure the moment that it becomes energectially unfavorable to continue 
deforming along the older fracture (Horsfield 1977, cited in Ellis and McClay, 1988; 
Ellis and McClay, 1988; Buchanan and McClay, 1991; Lohrman et al. 2003). In the 
gypsum multiple structures can be active at the same time, and these structures are 
capable of growing towards each other. Though often inferred on the basis of 
numerical modeling, this is one of the first times that an elastic stress field is 
analyzed in an analogue model, prior to failure. 
Other cohesive materials where the cohesion is a function of the water contents, 
such as wet sand (Walter and Troll, 2001) or wet clay (An, 1998), have the 
disadvantage that a constant moisture content is very difficult to obtain (Schmatz, in 
prep). Also the viscosity of wet clay makes the material’s response dependant on the 
deformation rate, and thus complicates the experiment. 
One of the disadvantages of the use of powders is that they are extremely sensitive. 
The utmost care needs to be used when filling the box, or measuring the material 
characteristics. A better method for filling the box and producing perfectly horizontal 
layers is perhaps a useful exercise. The amount of dust that is generated is perhaps 
also something that can be reduced. 
Not only gypsum powder needs to be considered for the use of cohesive powders in 
analogue modeling. Powders such as starch and lactose could also be used. When 
all these powders are thoroughly characterized, combination of powders can result in 
the formation of very detailed models of particular geological problems. 
Overall, the use of cohesive powders can be a valuable addition to the modeling 
materials. In certain conditions, such as the deformation of brittle, cohesive rocks, 
sand has been shown to be unsuited. This study has shown that cohesive powders 
can be used in these models, and the resultant structures are shown to be very 
similar to natural prototypes. 
 
Mode I/Mode II-transitions 
The critical depth where surface nucleated Mode I or mixed mode fractures change 
into Mode II listric shear fractures corresponds well with the maximum height of a 
unsupported vertical wall of sieved gypsum. The depth of this transition occurs 
roughly 6-8cm from the surface. Earlier in is work it was reported that a wall of 
unsupported sieved gypsum is roughly 6-7cm high.  
For carbonates, 6-8cm depth would scale to a theoretical prototype depth of 90-
45040m and for basalts to 1200-18000m depth. Of course these depth are purely 
theoretical, as the high end members exceed the thickness of the crust. Factors such 
as temperature increase with depth are not included in the determination of these 
depths. 
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Ferrill and Morris (2003) describe that the tensile/shear failure transition in the 
Cretaceous unsaturated carbonates of western Texas occurs roughly between 1250-
1550 m paleo depth. The observed transition in the models of this study corresponds 
with this reported value. 
Angelier et al. (1997) estimate that for the basalts of Iceland, the surface Mode I 
fractures grade into pure shear fractures at depths of roughly 1km, due to changes in 
the mean effective stress and the effective tensile stress. Mode I fractures dominate 
the upper hundreds of meters, and Angelier et al. (1997) predict that they will also 
play an important role at depth of 2-5 km, where dike opening occurs. The presence 
of shear fractures at depth greater than 1 km is also predicted on the basis of the 
gypsum powder scaling ratio. 
 
The maximum height for cliffs is also related to the critical depth. Cliffs in the 
experiments are in the order of 4-8cm high. Natural cliffs of 2-10km heights are not 
observed in these kind of extensional settings, and there are two reasons for that. 
First of all are these cliffs in nature prone to weathering and erosion. Especially 
carbonate cliffs are sensitive for the effects of erosion and transport as calcium 
carbonate dissolves much better in (rain)water than the components of basalt. The 
second reason also applies more to carbonates. As carbonates are generally quite 
soft when they are formed (i.e. marl beds or mud flats), they require a certain amount 
of diagenesis before they are cohesive rocks. This diagenises generally takes place 
at shallow or mid crustal depths (up to 15 km), while other sediments cover the 
carbonates. This implies that cohesive carbonates are generally not located directly 
at the surface, but only after uplift and erosion. 
Little data has been published on the strength evolution of carbonates with depth, but 
in general natural carbonates do not have a strength when they are deposited (with 
the possible exception of reef carbonates and evaporatic carbonates). Allen and 
Allen (1990) present data showing the decrease of porosity with depth, and based on 
the data presented in this work, it is reasonable to assume that the strength will 
increase as well. This means that carbonate formations do not have a considerable 
strength at the surface, but both the cohesion as tensile strength will increase with 
depth. It has been shown in this work that both the cohesion and the tensile strength 
of the modeling powder increase with depth. The third line represents the vertical 
stress evolution, with depth. Graph 10 is based on the compaction and shear test 
data. This graph shows that the model material does have a cohesion and tensile 
strength at the surface, and how these strengths change with depth, the green line 
represents the overburden stress (σ1) divided by 10. This was done, because the 
graph would not fit in the plot, at 20cm depth, the σ1 is ~1400Pa. It is reasonable to 
state that the model presented in this study applies for buried carbonates that have 
been uplifted and eroded, thus placing rocks with a tensile strength at the surface. 
Examples of these rocks are the carbonates of the Ardennes and Southern Limburg 
(Belgium and the Netherlands), Hawasina carbonates that were emplaced as a thrust 
sheet during the Semail Orogeny in Oman (~95Ma; Searle et al., 2004) and the 
White Cliffs of Dover (UK) where near vertical cliffs are formed from cohesive chalks. 
To model carbonates with no or little strength at the surface it is suggested for further 
research to cover the experiment with a several centimeter thick layer of sand or 
powder with a appropriately reduced strength.  
 
For basalts the situation is slightly different. These rocks (when cooled) are cohesive 
and lie on the surface. Cliffs and canyons have been observed as surface features in 
basalt in a number of settings. Holland (2004) describes cliffs in faulted basalts on 
Hawaii with heights in the order of 300m. Acocella, Korme and Salvini (2003) 
describe simular cliffs in the Ethiopian rift zone, and figure 3 shows vertical fault 
scarps 10-30 meters high, in normal faults on Iceland. 
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In some of the experiments, material fell down and filled the open fractures at depth. 
The filling of open or dilatant fractures with material from the higher in the 
stratigraphy has been reported. For example, figure 57 shows an open fracture in 
carbonates in Aby Dhabi. On the fault planes calcite has been deposited, forming 
planar precipitates. In the middle of the open fracture, sediments have been 
deposited, showing that these open fractures were in direct contact with the surface 
(Prof. Urai, J. Schoenherr and M. Holland, personal communication, 2005). Open 
fractures filled with sediments or slope detritus have also been described in the 
basalts of the Ethiopian Rift zone (Acocella, Korme and Salvini, 2003). 
Dip changes and dilatant fault segments or Jogs were for example observed in the 
Hawasina carbonates in the Oman mountains (Urai, Schoenherr and Holland, 
personal communication, 2005), western Texas (Ferril and Morris, 2003) and 
Somerset, UK (Cider and Peacock, 2004).  
 
General structure formation 
There are three general surface structures that form on each side of the box in the 
early stages of the deformation. These structures are a curved fracture near to the 
center of the box, and two Mode I fracture more distal of the center. It is the relations 
between these three structures, and new structures that largely control the final 
geometry of the deformation structures. 
In general, if the most important TGS connects both the curved fracture and the most 
central Mode I fracture, the rotation of the wedge shaped block between them will at 
first form a ramp similar to the ramps observed by Holland (2004) on Hawaii. Later in 
the experiment, the fragmentation of this block will form an extensive rubble zone. If 
on the other hand the most important TGS connects to the outer Mode I fracture, a 
steep cliff, often associated with a deep canyon in front of it, will form.  
If the through-going fracture is positioned too far to the right and the dip is too steep 
this structure is not ideally positioned. Dip changes can occur between two 
decoupling layers (as occurs in experiment 8 and 11, left side of the box), a ramp-flat 
geometry can cause the upward thrusting of the hanging wall. If the dip change 
occurs deeper in the box, for example between the lowest interclated layer and the 
intersection point (experiments 8 and 11, right side of the box), ‘ductile’ deformation 
will accommodate for the change in fault geometry. This ‘ductile’ deformation is 
regarded as the flow of gypsum particle past each other. 
The exact positions of these three early structures are probably the result of small 
heterogeneities in the material. In experiment 10, Feb17, one of the first Mode I 
fractures to developed is the continuation of a small Mode I fracture formed during 
filling the box. It is likely that the filling of the box formed many of these small 
heterogeneities, the result of uneven compaction, the intercalation of the marker 
grains or the decoupling layers, relative movements the glass panels, the 
heterogeneity of the gypsum etc, which will act as stress localizers in the early stages 
of the deformation. Natural rocks include many of these heterogeneities, both planar 
and points. Hoek (no date) shortly discusses these problems and also many other 
authors discuss the importance of heterogeneities as stress concentration factors 
(i.e. Jaeger, 1956; Nicolas, 1987; Twiss and Moores, 1996; Mandle, 2000). 
 
The importance of mechanical stratigraphy 
The intercalation of sand layers or Graphite/Gypsum layer reduces the overall dip of 
the through-going fractures. In experiment 4 (Jan13) for example, the two main 
through-going fractures and the antithetic fractures in the 20cm pure gypsum column 
have a dip of ~66-68°. In experiment 8 (Feb03), the inclusion of four sand layers 
result in an overall dip of the through-going faults of 59° and 64°, though it must be 
noted that the fracture with an overall dip of 59°, actually consists of three parts with 
a section with a dip of 45° between the lowest and second lowest sand layer. In 
Experiment 11 (Feb22) the through-going fractures have dips of ~62-63°. This dip 
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overall dip reduction is the result of the intercalation of layers with a lower angle of 
internal friction than pure gypsum. Remember that Θ = ±(45° - φ/2), where Θ is the 
angle of shear failure, relative to the principle compressive stress, and φ is the angle 
of internal friction. The overall dip angle can be considered as a kind of average of 
the dip angles for the pure gypsum and the type and amount intercalated layer 
material. This is also why the overall dip angle for experiment 11 is not in between 
that of experiment 4 and experiment 8. That is what would be expected on the basis 
of the fact that the Graphite/Gypsum mixture is considered less competent than pure 
gypsum, but more competent than sand. The fact is that the Graphite/Gypsum layers 
are thicker than the sand layers, and thus they play a more important role in 
experiment 11 than the sand in experiment 8. 
Another observation is that if the model becomes more complex, layers of decoupling 
material reduce the ‘communication’ between surface and bottom of the box. In 
experiment 4 and the experiments with only one layer of decoupling material the 
through-going structures are relatively straight from the point of the Mode I/Mode II-
transition to the intersection point. Experiments 8 and 11, with multiple intercalated 
layers show a number of dip changes. These occur both between individual layers, 
and between the bottom layer and the intersection point. This is a result of that 
structures do not connect ideally between surface and intersection point. To correct 
for this, dip changes are required. These can form monoclines and associated 
structures, which add to the complexity of the system. 
The frequency of a certain dip in pure gypsum, sand and gypsum/graphite mixtures is 
given in graph 11. For this histogram, the dips in certain layer types in image 50 for 
experiments 5 to 11 were compared. The dips in pure gypsum have the highest 
mode13, dips in these layers most often have dips equal or larger than 70º, an smaller 
than 75º. As would be intuitively expected have sand layers the lowest mode, 
fractures in sand most often dip between 55º and 60º. Dips in the graphite/gypsum 
mixture generally dip between 60º and 65º. There is however not enough data to 
establish whether this distribution is statistically significant. Not all fractures are 
defined clearly enough to establish the dip in the decoupling layers. 
Graph 12 and graph 13 show data regarding the relation between the dip in the 
decoupling layers and the dip in pure gypsum. These graphs were constructed by 
plotting the dip of a fracture in the sand or graphite mixture against the dip of the 
same fracture in the pure gypsum directly beneath the decoupling layer. This way, it 
can be established whether there is a systematic relation between dips in the 
decoupling layers and the pure gypsum. These graphs use the same amount of data 
points in the decoupling layers and the pure gypsum. 
In graph 12 there is no systematic relation between dips in the sand and dips in the 
pure gypsum. Steeper fault segments in the pure gypsum occur just as often as dips 
that are less steep than the fractures in the sand. 
In graph 13 we see that the dips of fractures in the pure gypsum generally are 
steeper than the fractures in the associated graphite/gypsum layer. Also the scatter is 
less in this graph than in graph 12. That the dip in graphite/gypsum mixtures 
generally is smaller than dips in pure gypsum corresponds well with the assumption 
that this graphite mixture is less competent than pure gypsum, and if we assume that 
Θ = ±(45° - φ/2) applies. That the dips in the sand show such a large variation and 
can be larger than the dips in the pure gypsum shows that the behavior of sand 
under these conditions is more complex than previously assumed. The application of 
the Coulomb-criterion is assumed in nearly all examples of analogue structural 
modeling in the literature, often assumed without explicit referring to it (Ellis and 
McClay, 1988; Wolf, König and Triantafyllidis, 2003; Lohrmann et al..; 2003 and 
others) 
 
                                                
13 The value that occurs most often. 
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Implications for the use of sand as decoupling layers 
Sand is shown to act as a material that produces mechanical stratigraphy. The 
through-going fractures in experiment 8 show dip changes as they cross the sand 
layers. But there are also draw backs to the use of sand as a decoupling material. 
The large grain size makes it difficult to track the actual path of the fracture, and the 
small angle of rest sometimes results in the flow of the sand into the open fractures, 
disturbing the evolutions of these fractures. As a result only thin layers of sand were 
intercalated to minimize this effect. The formation of symmetrical en echelon 
fractures in experiment 8 (see figure 36b) is observed. One possible explanation for 
this, is that shear dilatancy within the sand during plastic deformation applied an 
additional stress field on the surrounding gypsum. This is explanation only applies if 
we assume that the sand is indeed shear dilatant, but there is no data to suggest that 
the sand used in this study is shear dilatant under these stress conditions. 
 
Implications for the use of Graphite/Gypsum as decoupling layers 
A mixture of Graphite and Gypsum in the ratio 1:2 produces the largest deviation 
from the rest angles of both pure gypsum and pure graphite (see table 2) therefore it 
also produces a mechanical stratigraphy in the deformation box. Fractures show 
changes in dip, as large as 13° degrees when they pass through these intercalated 
layers, forming dilatational jogs as deformation continues. Further more, fractures are 
observed to curve back and dip in opposite directions as they pass Graphite/Gypsum 
layers.  
One of the most important drawbacks of the use of this mixture is that it has a dark 
color, unsuited for PIV. The PIV analysis has significantly more vectors with peak 
ratios <1.3 in these layers than in pure gypsum layers and in the sand layers. That 
this has an effect on the resultant (strain) analysis is discussed in the paragraph 
“Noise in PIV output”. To reduce this error, the inclusion of white marker grains within 
the graphite layer (though initial test show that these are quickly covered with 
graphite powder and thus become black), or the usage of a different kind of mixture 
(one which does not produce a dark gray color) must be considered in future work. 
Also the material characteristics of this powder should be investigated. 
Prof. Zimmerman, Sabine Dünisch and co-workers at the Lehrstuhl für 
Pharmazeutische Technologie, at the University of Würzburg include small amounts 
(<2.5%) of silicium based micro powders to starch and lactose powders to change 
the material characteristics (Eber, 2004). The particles of micro powder cover the 
surface of the larger starch or lactose particles, and act as a medium to reduce 
contact. Though the work is still in progress, first results show that the inclusion of 
these micro powders will greatly reduce the resistance to flow, and reduce the shear 
strength of powders. The right choice regarding the type of micro powder and the 
amount of micro grains on the surface of the starch or lactose grains provides a 
method of carefully controlling the material characteristics of these powders for the 
geological modeling of natural prototypes with powders.  
 
Bifurcations  
Often in the presented results, there is a large asymmetry between the two sides of 
the model, while these sides should be similar, if the model is to be considered 
reproducible. In experiment 8, Feb3, for example, one of the largest asymmetries is 
observed, as the right side of the model is characterized by a single, almost shear 
zone like deformation structure. This structure accommodates the bulk of the 
deformation, while a small number of additional structures are either relicts from 
earlier in the experiment or form as a part of the model becomes unsupported and 
simply collapses. On the right side a complex array of synthetic and antithetic faults 
and fractures form the main deformation structure. However not only the main 
deformation structures are different, also the orientation, location and relation to the 
other structures differ slightly. The left main deformation structure has a sudden 
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change in dip between the lowest and second lowest sand layer. The dip between 
these sand layers is 45°, while the rest of the structure has a dip of ~59°. This 
sudden decrease in dip forms a sort of ramp-flat structure that forces the hanging 
wall block to deform much more than on the right side of the model where the main 
structure has a nearly homogenous dip of ~64°.  
 
The formation of a structure on a certain location, or the (change of) orientation is the 
result of a number of extremely subtle variations. These variations have inherently 
random locations, and include variations in the density of the powder, thickness and 
position of the intercalating layers and small defects in the powder. These cause 
small variations in deformation rate and stress field. The resulting structural 
outcomes of these variations are not random but consist of a number of end 
members, between which all variations are possible. The ‘choice’ between one type 
of structure and the other is influenced by the subtle variations, but the outcome 
becomes definite and irreversible once a single outcome has been ‘chosen’. The 
choice between one outcome and the other can be regarded as a bifurcation, which 
will lead to new bifurcations. In this way, each experiment can be considered as a 
long chain of choices, which result in the eventual structure. 
The Dutch biologist and writer Midas Dekkers writes in his book “de Larf” (Dutch: the 
larvae) (2002) about growth and evolution of animals. He presents his Law of 
Alternative Strategy with the words: “The Law states that you can do something this 
way or the other; despite ‘this way’ being the opposite of ‘the other’, both can be 
right. He states that a medium sized prey animal can either evolve to become larger 
and impregnable (i.e. an elephant), or smaller and more agile (i.e. a mouse), both 
methods accomplish the ultimate goal, the continued, yet evolved, survival of the 
species. 
In the deformation experiments, the formation of geometrically totally different 
structures on either side of the central block does not necessarily mean that the 
conditions on each side of the box are different. All deformation styles accomplish the 
main goal; to accommodate the deformation forced upon the material by the moving 
tables, and reacts primarily on the initial failures in the model. 
 
Elastic deformation 
Hook’s law of elastic deformation describes that the strain in an elastic deforming 
body is linearly proportional to the applied force (Twiss and Moores, 1992): 
 
 σn = E en and σs = 2µ es 
 
Here σn is the normal stress, σs is the shear stress, en is the extension and es is the 
shear strain. E is the Young’s Modulus and µ is the shear modulus, or the modulus of 
rigidity. 
If it is assumed that Hook’s law applies for this material, we can thus say that the 
strain field is directly and linearly proportional to the stress field at that moment, as 
long as the material is not broken or fractured.  
If it is assumed that the displacement field of figure 38, frame 4 is homogenous, the 
exx and eyy can be calculated from this image. Using the definition for strain  
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the exx in this image was determined across the entire picture. This strain was 
determined to be  
 
  exx = (3.2-1.6)/608 = 0.26% 
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Where the values are in pixels.  
eyy was calculated over the entire right half of the image, and has a value of 0.05%. 
The value of 0.26% for the exx is in good correspondence with the value for the yield 
point described in the material characterization section. This was determined to be 
0.2%. The yield point in natural rocks has values very similar to the values presented 
here. Ramsay (1967) reports values for marbles and sandstones in the same order of 
magnitude.  
If we assume that Hook’s law applies, than the presented displacement field is 
directly proportional to the stress field and the strain field in this image. 
The initiation of failure ensures that the body no longer behaves as an elastic body, 
and the stress state prior to failure is never the same as the stress state after failure. 
But the abandonment of older fractures when they move further from the centre of 
the box and the formation of new fractures, suggests that the stress conditions are 
not greatly influenced by the development of a TGS (Patton and Fletcher, 1995).  
Patton and Fletcher (1995) present mathematical models for the deformation of 
incompressible elastic layer, subjected to rigid-block motion at its base. A 45° dipping 
normal fault geometry is one of the models they describe. The calculated shear 
stress for this geometry is shown to be maximal in a zone from the basement fault, 
obliquely across the layer towards it upper surface. They further predict that brittle 
fractures will converge downward on the basement fault, just as described in this 
work.  
 
Surface nucleated vs. depth nucleated  
There are two mechanisms by which the Mode I/Mode II transitions can be initiated. 
The normal faults can either be (1) surface nucleated (that is, first formation of the 
Mode I fracture, and then propagated downwards) or (2) nucleated at depth (a buried 
normal fault propagates upward and when the stress conditions favor the formation 
of Mode I over Mode II fractures, an open fracture is formed). 
Acocella, Korme and Salvini (2003) argue that the normal faults in the Ethiopian 
basalts are surface nucleated and propagate down, based on field observations and 
Mohr-Coulomb calculations. Grant and Kattenhorn (2004) on the other hand support 
the opposite model of depth nucleated, upward propagating fractures. Grant and 
Kattenhorn (2004) base their claim on field observations in southwest Iceland and 
numerical modeling. 
In the present study observations of the PIV output might shed some light on the 
matter. Figure 58 shows the successive Absolute Strain output images 7 to 10 from 
experiment 8 (feb03), these images are cropped. The image is centered at an open 
Mode I fracture with a listric fracture connected to it. In blue, the outline of the zone of 
maximal absolute Exx strain is interpreted. We see in these successive images that 
the zone of increased strain is moving down. This downward propagation of maximal 
strain is observed in more output movies, the reader is referred to the movies on the 
DVD. But note that the image interval is perhaps to short to properly show this effect 
in all images.  
In Figure 59 four successive images from the absolute strain (Exx) output for 
experiment 9 (Feb15) are shown. These images (7-10) are cropped and looking at a 
developing TGS, which is in the process of forming a curved fracture near the 
surface. In light blue, the zones of maximum strain are interpreted (only the zones for 
this structure are interpreted, the other zones of high strain within the image are 
neglected). This zone of maximum strain is propagating upward.  
Based on these observations (with neglecting the development of the other zones of 
high strain) it can be argued that the outer structures are surface nucleated, while the 
more central TGS connecting to the curved fracture is depth nucleated. Thus both 
surface and nucleated structures occur in the same setting. In figure 60 a theoretical 
elastic beam is bended in the middle, while the far field is held horizontal. The red 
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circles represent the areas of maximal tensile bending stress. For clarity the general 
geometry and locations of a surface nucleated outer TGS, and of a depth nucleated 
more central through-going structure are plotted in light purple. This figure shows, 
though conceptional, that the zones with maximal tensile bending stress correspond 
with the proposed nucleation points for the two types of though going structures. With 
the red arrows the predicted direction of propagation is shown. 
Holland (2004) states that the curved fractures are not observed on the Koae fault 
system on Hawaii, because they rarely penetrate the surface, and when they do, they 
are obscured by the rotation of the wedge shaped block. That they are important for 
the accommodation of the deformation has been proven by the analogue modeling of 
Holland (2004) and in the present study. 
 
Noise in PIV output 
In the PIV output of the Feb 22 experiment, and particularly in the Absolute Strain 
output (see DVD) horizontal bands with a vertical colored striping occur on the 
positions of the graphite/gypsum-pure gypsum transition. The green/blue color 
changes indicate that the output values fluctuate from positive to negative. This kind 
of wavy output error can be observed in the background of nearly all strain related 
PIV output images of all experiments, but never as with such strong colors. This 
could be related to the reduced correlation between the blue marker grains and the 
dark grey Graphite/Gypsum. The wavelength of this phenomenon is in all output 
images in the order of 32pixel, which is a multiple of the vector spacing (8pixels). 
This suggests that this is some sort of numerical error, which size is inversely related 
to the correlation within the image. Peak ratio output movies show that relatively 
more vectors have a peak ratio <1.3, and are thus deleted, within the 
graphite/gypsum layers, than in the pure gypsum.  
Point errors in the output grid that occur where a small particle is stuck on the glass 
and does not move with the model, perturbs the analysis show with stronger colors in 
strain related output images. 
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Conclusions: 
• The tensile strength and cohesion of this powder are a function of the 
porosity, or pre-compaction, while the angle of internal friction is not. 
• Scaling of the models is based on extensive material characterization, 
including measurement of tensile strength, and the use of different scaling 
quantities results in similar scaling ratios. 
• This is a novel approach to the modeling of massively dilatant fault zones. 
• The overall end-geometry of a model is controlled both by the layer geometry, 
boundary conditions and by randomly distributed heterogeneities in the 
model.  
• In the initial stages of deformation in the model, the interaction between the 
three first structures to form has a large influence on the model geometry. 
• Fractures in the layers of graphite/gypsum mixture generally dip less than the 
same fractures in the pure gypsum. In fractures in the sand layers, the dips 
do not have such a good relation with dips in pure gypsum. 
• The structures produced are very similar to natural prototypes and form the 
basis for better predictions of fault structures in carbonates in the subsurface. 
• Cohesive powders are more suited for the scaled analogue modeling of some 
geological problems, for example the deformation of cohesive carbonates 
under low stresses. 
• PIV allows for a detailed, high resolution analysis of the displacement and 
strain field over time. 
• PIV has the potential of becoming a major tool in the analysis of structural 
modeling results. 
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Outlook: 
The usage of powders in geological modeling is novel. In the future new discoveries 
regarding the exact behavior and scaling of powders will lead to models with a better 
degree of accuracy and usefulness. For this not only purpose done experimentation 
by geologists is required. A huge amount of the required information and methods 
have already been or are in the process of being developed by scientists in different 
fields, and for totally different goals. 
For example, the experiments done by Sabine Dünisch and co-workers at the 
Lehrstuhl für Pharmazeutische Technologie, at the University of Würzburg have to 
potential of providing geologists with methods and materials to precisely control the 
material properties of their analogue models. This is despite the fact that this 
research is done to enhance the handling of powders in pharmaceutical factories. 
It is the author’s beliefe that these kinds of interdisciplinary co-operation will greatly 
enhance the research done in the new field of the analogue modeling of cohesive 
powders. 
The results of this study show the possibilities of cohesive powder modeling. The 
modeling of open structures at depth and the ability to preserve fine structures has a 
huge potential for the modeling of geological phenomena in the upper brittle crust, 
particularly in areas where other techniques produce less valuable results. For 
example, when a seismogram is unable to indicate whether a certain structure is 
sealed of open for fluid flow, the use of scaled analogue models has the potential to 
provide a prediction.  
The usage of a quantitive analysis-tool such as PIV can help to interpret movements 
and displacements in deformation experiments, and to identify areas of increased 
displacement and strain. This will also lead to better understanding of the kinematics 
and dynamics of fracture formation, which up to this point, has mainly been based on 
assumptions and numerical modeling. 
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Appendix 1: Additional information on the results of the probe experiments. 
Introduction:  
In this appendix, the results of some the probing-tests on the properties of dry 
gypsum powder will be further discussed briefly. 
The mechanical properties of gypsum powder (CaSO4⋅xH2O) and the response of 
these properties on external factors are poorly understood. These factors include 
humidity (and the related hydration) of the powder, density, compaction, composition 
(impurities and type of gypsum, e.g. natural of FGD-gypsum) and perhaps 
temperature. These factors them self can be the result of a number of external 
(handling) mechanisms and relations between factors are also possible. For example 
the humidity and hydration of the sample is depends on the initial humidity and 
hydration, and the ambient humidity. The humidity and hydration will affect the 
density of a sample. The density can also be influenced by the sieving method 
(sieving height and mesh size). Mishandling of the gypsum and increase in the 
density can influence the compaction of the gypsum.  And so there are many ways in 
which the properties of gypsum powder can be influenced by outside factors. The 
aim of this probe-research is two fold: 
1) to identify and measure the effects of certain external factors on the 
lithology and the rheology of gypsum powder, and 
2) to establish if these factors are important enough to have a 
measurable effect on the structures and deformation during a next 
series of experiments; the analogue modeling of deformation in a 
cohesive brittle crust, using gypsum powder as modeling material. If 
this is so, which kind of relation between them (properly scaled) 
most closely resembles natural occurring cohesive rocks. 
These experiments are of a preliminary nature, only a few, and limited experiments 
will be discussed here. The number and complexity of the experiments can be 
increased in a later stage. 
 
Commercial modeling gypsum powder usually is hemihydrate (CaSO4⋅0.5H2O), 
which is also called bassanite, (www.gypsumsolutions.com, Gips-Datenbuch, 2003). 
This gypsum phase has two crystal shapes, which are easy to distinguish with a 
microscope. These types of hemihydrate are called α-hemihydrate and β-
hemihydrate; see the Gips-Datenbuch (2003) for more details. Construction and 
modeling gypsum mostly is composed of β-hemihydrate (Gips-Datenbuch, 2003).  
All gypsum used was dried in the oven for 3 days at 30°C, to remove all pore water.  
 
Results of experiment 1: the effect of sieve height on density 
Aim:  
To determine the effects of ‘fall distance’ on density of sieved gypsum powder. 
Methodology:  
Dry gypsum powder is sieved into a container of known dimensions (dimensions 
were established by filling the container to the rim with water of known density. The 
volume of a full container was established to be 470.9ml; the depth of the container is 
9.84cm). The bottom of the sieve is at a height of ±5cm above the rim of the 
container. Since the weight of the container has been established beforehand, the 
weight increase and the known volume of the container, allows calculation of the 
density. This experiment will be repeated several times, and using different container, 
to mean the results. The sieve used has a mesh size of 1mm. 
The procedure is repeated with a sieve height of ±15 cm above the rim of the 
container. 
The procedure is repeated with a sieve height of ±30 cm above the rim of the 
container. 
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The procedure is repeated with a sieve height of ±50 cm above the rim of the 
container. 
The procedure is repeated with a sieve height of ±70 cm above the rim of the 
container. 
Results:  
The recorded masses were corrected for the weight of their container; these 
corrected masses are given in table A-1. SH is sieve height in meters.  
 
Table A-2 gives the mean values (Mmean) for the corrected mass per sieve height 
and the standard deviation (StDevM) of the corrected mass.  
Using the known volume of the container (470.9ml) and the corrected mass of the 
gypsum, the density of the gypsum can be calculated. For this the following method 
is used: 
 
V
M
ρ cor=  
 
Where ρ is the density in kg/m3, Mcor is the corrected mass, as given in table A-1, and 
V is the volume of the container, 470.9ml. 
 
The density per sample is given in table A-1, third column, and the mean density 
(Dmean), with the standard deviations (StDevD), are given in table A-2, fourth and 
fifth column.  
The data on the mean mass and the samples, with standard deviations is also 
presented in graph A-1a) A best-fit natural logarithm is drawn through it. The Ln-
function is:  
 
M = 13.804Ln(SH) + 395.06 
 
M is mass in grams and SH is Sieve height in meters. This empirical function has an 
R2-value (measure of ‘goodness-of-fit’14) of 0.8812.  
The mean density as a function of sieve height is given in graph A-1b). The best-fit 
function here is again a natural log of the form: 
 
D= 29.187Ln(SH) + 839 
 
With an R2-value of 0.8736. 
Interpretation and discussion:  
The results of this experiment indicate that the density of sieved dry gypsum powder 
is sensitive for the height of the sieve above the rim of the container. Generally, this 
is a positive relation, with increasing densities, with increasing sieve height. It is best 
described by the empirical natural logarithmic function: 
D= 29.187Ln(SH) + 839 
This formula has an R2-value of 0.8726, which is good a good fit, since a perfect fit 
has an R2-value of 1. 
 
Sieved gypsum gives (on general) higher densities when the travel distance is 
higher, but the slope of the relation is decreased at sieve heights higher than 30cm. 
This has something to do with the settling velocity. The settling velocity of a particle 
falling from 70cm is differs from the settling velocity of a particle falling from 5 cm, 
due to the interplay of forces such as drag forces and gravitational forces (for a 
                                                
14 www.statisticalengineering.com 
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discussion of settling velocities of sediments in water see15, for airborne particles 
see16). When the drag forces and gravitational forces balance a ‘terminal velocity is 
reached. This terminal velocity might be an explanation for the flatness of the curve 
for sieve heights larger than 30cm.  
If the assumption is made that the terminal velocity of a falling gypsum particle is 
reached in when the particle has fallen roughly 30 cm, the first three and the last 
three data points in graph 1b) can be linked with two separate linear relations (Graph 
1c). The fit of the first data points is very good (R2-value is 0.9921): 
 
D = 281.12 SH + 736.65 
 
The formula for SH>30cm is not such a good fit, see graph 1c. This is perhaps due to 
minor differences in the way the gypsum behaves in the air, or changes in 
temperature, air humidity, airflow, etc. Extensive further testing would be required to 
find these additional influences, but that is beyond the scope of this experiment 
This experiment proofs that the density of dry sieved gypsum powder is sensitive for 
sieve heights, up to a maximum of roughly 30cm. Below this height the density can 
be described with a linear relation. The terminal velocity that is reached at 
SDH>30cm keeps the density roughly constant. 
 
Results of experiment 2: the effects of mesh size on density 
Aim:  
To investigate the sensitivity of the density of dried gypsum powder, to the use of 
sieves with different mesh sizes. 
Methodology:  
The procedure is identical to the procedure as described at experiment 1 for a sieve 
height of 5cm. However, this time sieves with a different mesh sizes will be used. 
There are two additional mesh-sizes available 0.8mm and 1.5mm. The results are 
compared with the results of experiment 1, where a mesh size of 1mm was used.  
Results:  
Table A-3 shows the (corrected) masses and densities for the different mesh sizes. 
In this table MS is the mesh size in mm. The data for mesh size 1mm has been taken 
from experiment 1. When mesh size 1.5 mm was used, small gypsum clusters we 
seen to block the meshes of the sieve. The measurements for this mesh size were 
repeated, but now tapping the sieve, to clear the meshes. These results are also 
given in table A-3 with the added note ‘tapped’ in the last column. The data from this 
table is also given in graph A-2 a). It is clear from this graph, that mesh size does not 
have a large effect on the density and (corrected) mass. The densities of tapped 
samples are slightly lower than that of the samples that were not tapped at mesh size 
1.5mm. (The data points of the tapped samples have been moved slightly to the 
right. This is for clarity reasons only). It was observed that when the sieve was 
tapped, gypsum fell through at a higher rate than when the sieve was not tapped.  
Table A-4 gives the mean masses (Mmean) and the mean density (Dmean) with the 
associated standard deviations (StDevM and StDevD, respectively). Note that the 
variation of both the mean mass and the mean density for the different mesh sizes is 
within the range of the standard deviations of the other data points. 
Interpretation and discussion:  
The density of dry sieved gypsum powder is not sensitive for different mesh sized 
sieves, at least not in the range of sieves used in this experiment. However larger 
meshed sieves are not practical because larger gypsum clusters would fall through. 
The tapping of the sieve seems to lower the density a little bit. This can be explained 
by to air-entrapment. When the sieve is tapped, gypsum falls through at a rate much 
                                                
15 http://freespace.virgin.net/mark.davidson3/sediment/stokes/SETTLEV.html 
16 http://www.mfg.mtu.edu/cyberman/environment/air/settling/setvel.html 
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larger than with normal sieving. This large quantity of fine powder, will trap air 
between the particles. This will increase the porosity and lower the density. 
 
Results of experiment 3: the moisture uptake of gypsum powder. 
Aim:  
To determine the effects of high (air)humidity on the mass of sieved gypsum powder. 
Methodology:  
seven containers are weighted and filled with the same amount of dry gypsum 
powder, sieved in with the a 1mm sieve, from a height of ±5cm above the rim. These 
are weighted again (using the results of experiment 1, the amount of gypsum in each 
container can now be determined), and placed in an airtight container together with a 
glass of water, a hygrometer and the probe of an indoor/outdoor commercial 
thermometer. All this is then placed under a cloth. After 1, 3, 5, 22, 29, 46 and 53 
hours, the humidity and temperature in the box will be recorded, and one container 
removed. When the container is then weighted, the additional weight is due to water 
uptake, and the water contents can be determined. Compilation of the data from 
these four containers and the results of experiment 1 give a time curve for moisture 
uptake. 
Assumptions:  
1: the water content of the sample is, at the moment of measurements, in equilibrium 
with the humidity of the box. 2: the humidity in the box will be roughly constant due to 
constant temperature. 3: the opening of the box will (temporarily) reduce the humidity 
in the box to the ambient humidity, but the gypsum will retain its humidity long 
enough for the 'constant' humidity to reestablish without lasting effects. 4: the initial 
(pore) moisture contents of the gypsum is 0 (zero) because it has been dried in the 
oven, this drying has not affected the hydration. 
Results:  
Graph A-3 shows the evolution of the moisture uptake over time. In this graph 
AirHum is the relative air humidity in the box in percents, Temp ext is the temperature 
outside the box (in the laboratory) in degrees Centigrade, Temp int is the 
temperature inside the box in degrees Centigrade and Moisture is the volumetric 
percentage of water taken up by the gypsum, against the original volume of gypsum. 
A polynomial equation trend line is also given in the graph. This polynomial has the 
function  
 
Moisture = -0.0002(RH)2 + 0.0303(RH) + 0.0079 
 
and has an R2-value of 0.99. Note that the values of moisture contents are given at 
right axis. 
 
Interpretation and discussion:  
It can be seen in this graph that the air humidity is still increasing at the end of the 
experiment. It was expected by the author that a maximum in the air humidity would 
establish relatively early in the experiment so that the evolution of moisture uptake 
could be studied at a constant (high) air humidity. This is clearly not the case, so this 
experiment is unable to fulfill all its goals, because it is impossible now to distinguish 
whether the increase in mass of the samples is the result of increasing air humidity, 
or longer exposure to the same air humidity. 
This experiment does however confirm that moisture is taken up by gypsum powder, 
and that the order of moisture uptake, within the first 3 days is roughly 1.2%, at air 
humidity of 80-90%. 
 
Results experiment 4: Additional density measurements 
Aim: 
to get a grip on the porosities of the sieved gypsum samples. 
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Methodology:  
The density of pure hemihydrate is 2.73*103 kg/m3 (Gips-Datenbuch, 2003). The 
density of air at these conditions (20°C, 1Atm) is 1.746 g/L (Lide, 1996). Using these 
densities, the porosity of the samples in experiments 1 and 2 can be calculated. 
Table A-5 shows these calculated porosities. The porosities are roughly 70% in all 
experiments, and increases (not surprisingly) when the density decreases. To get a 
better grip on the porosity, additional experiments were done. These experiments 
were the same as experiment 1, but a smaller container was used, to minimize the 
effects of compaction in the container. Six 4.8cm high containers were sieved full 
from several sieve heights. These heights were 5, 10, 15, 20, 30 and 40cm. The 
container used in experiments 1 and 2 was 9.8cm high. 
Results: 
The densities and porosities from these experiments are given in graph A-4a) and b) 
also the results of experiment 1 are plotted here. The data points are the mean 
density and porosity, the vertical error bars represent the standard deviation from the 
six samples, while the horizontal error bars represent the height of the containers 
used. The width of the error bar for experiment 1 is therefore 9.8cm, and that for the 
data points of experiment 5 are 4.8cm. The data points for experiment 5 supports the 
linear relation already discussed at experiment 1, but at higher sieve heights the 
correspondence is not so good. 
Discussion and interpretation:  
It is clear from this graph, that particularly the part of SH<30 is very consistent in both 
experiments 1 and 5, but the data points for experiment 5 show higher densities than 
the results of experiment 1 for sieve height larger than 30 cm. This can be the result 
of differences in compaction. If gypsum powder does indeed require a minimum 
confining stress of 200Pa before deformation will take place, this 200Pa corresponds 
with an overburden of about 2.5cm of gypsum powder, since the containers of 
experiment 5 were only 4.8cm high, this means that half the container of experiment 
5 will not be compacted. However, this effect would also play a role at sieve heights 
less than 30cm. The difference in density and porosity is therefore more likely to be 
the result of secondary factors, which are more difficult to determine. It is possible 
that differences in airflow, of humidity had an effect on the settling velocities of the 
gypsum particles. 
 
Results of experiment 5: the moisture uptake of gypsum powder in constant 
moisture environments. 
Aim:  
To determine the effects of high, but constant, air humidity on the mass of sieved 
gypsum powder. 
Methodology:  
Some water-soluble salts when placed in contact with their saturated solutions have 
the ability to create a constant relative humidity in an enclosed space. Lide and 
Frederikse (1996) list a number of these salts. In this experiment MgCl2 ⋅ 6H2O and 
NaCl will be used to determine the long-term effects of exposure of dry gypsum 
powder to high humidities. Lide and Frederikse (1996) describe the method of 
calculating the relative humidities, but under the conditions in the lab (T=23°C), an 
excess of MgCl2 ⋅ 6H2O with its saturated solution gives a relative humidity of 32.8%, 
and NaCl will give a relative humidity of 75.2%. Observations made in the sandbox 
laboratory indicate that the relative humidity there varies between 45 and 80%. 
Six containers are weighted and filled with the same amount of dry gypsum powder, 
sieved in with a 1mm sieve, from a height of ±5cm above the rim. These are 
weighted again, and are each placed in an airtight container together with a glass of 
saturated salt solution with excess salt. The container are numbered and numbers 1-
3 refers to samples with saturated NaCl-solutions and numbers 4-6 refer to MgCl2 ⋅ 
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6H2O. After 47, 123, 172, 340, 389, 481 and 673 hours, the sample was removed 
from its box, weighted and placed back. The additional weight is due to water uptake, 
and the water contents can be determined. Since there is no way to check whether 
the volume in each container is changed, the moisture content is given in mass 
percentages, rather than volume percentages. 
Assumptions:  
1: the water content of the sample is, at the moment of measurements, in equilibrium 
with the humidity of the box. 2: the humidity in the box will be roughly constant due to 
constant temperature. 3: the opening of the box will (temporarily) reduce the humidity 
in the box to the ambient humidity, but the gypsum will retain its humidity long 
enough for the 'constant' humidity to reestablish without lasting effects. 4: the initial 
sample humidity is zero, because all samples were pre-dried in the oven for 2 days at 
30°C. This drying has not affected the hydration of the sample. 
Results:  
Graph A-5 shows the evolution of the moisture uptake over time. In this graph the 
mass percentage of moisture of each sample is plotted. From this graph it is clear 
that despite a lower relative humidity, all the samples with MgCl2 6H2O have overall 
higher mass percentages of moisture than the samples with NaCl. Also it can be 
noted that though the samples with NaCl reach an equilibrium value after roughly 110 
hours, samples 4 and 5 with MgCl2 6H2O are still increasing in weight after almost 
700 hours.  
 
The spread of the values in also rather large and there are some samples that 
actually decrease in weight (for example; sample 2 decreases in weight at roughly 
100 hours and sample 6 decreases in weight in the last 200 hours of the experiment. 
At the end of the experiment all container with NaCl had excess salt on the bottom, 
while none of the other containers contained any solid MgCl2 ⋅ 6H2O. This is while the 
saturated solutions were prepared in flasks containing a clear excess of salt and 
additional solid salt was added when the containers were prepared. 
 
Interpretation and discussion:  
One would expect that the mass percentage water uptake for the gypsum samples 
housed with NaCl to be higher than those MgCl2 6H2O, simply because of the larger 
air humidities in the boxes. This is clearly not the case 
From this data, one could argue that despite preparations, the MgCl2 6H2O solutions 
were not sufficiently saturated at the start of the experiment. The NaCl solutions were 
saturated, because excess salts was seen on the bottom of the containers at the end 
of the experiment. Another possibility that would also explain the large spread in the 
data, is that not all of the boxes used in the experiment were airtight. Four different 
types of boxes were used, and it is possible that some of these boxes did not seal as 
good as other, letting low humidity air in from the outside. Sample 6 for example is in 
a different type of box than samples 4 and 5, and that could explain the difference in 
mass evolution between these samples. The salt solutions used in the all three boxes 
were identical. 
The same could be the case with sample 2, which shows a large discrepancy with 
samples 1 and 3.  
 
Long term hygrometer measurements in the room were the analogue model research 
will be done indicates that humidity there fluctuate between 45 and 80%. This is in 
and below the range of the (theoretical) NaCl constant relative humidity. If it is 
assumed that samples 1 and 2 show a good evolution of the mass increase of 
gypsum powder at a constant humidity of 75%, than gypsum powder stored in an 
open container in the sandbox laboratory will increase in weight in the no more than 
of 2,5% and gypsum directly in contact with the air will reach this moisture content 
after 4-5 days. 
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Calibration of the Shear cell 
The shear strength measurements were done on with a purpose made shear cell at 
the institute of Geologie Endogene Dynamik at the RWTH Aachen, made by van der 
Zee (2001). The device (see figure 11) consists of a lower table that moves laterally 
and an upper table that moves vertically. A small motor and a moving piston are used 
to push laterally on the lower table, where a loadcell and a Linear Variable 
Displacement Transducer (LVDT) were used to measure the shear load and the 
displacement of the lower table, respectively.  
The upper table is balance by a large weight and runs on low friction ball bearings. 
The upper table can be loaded to generate normal load, and a vertically placed 
second LVDT, not shown on figure 11, was used in some experiments to measure 
the compaction during the experiment. 
 
Calibration LVDTs: 
There are two LVDTs available for use. They have an output range of 0-10V and can 
be extended 12cm. A conditioner is used to connect them to the PC. Before every 
experiment it is important to calibrate the LVDTs and the conditioner. Extending the 
LVDT a number of centimeters and recording the output voltage does this. This way, 
the output of the LVDT during the experiment can be converted to length. Graph A-6 
shows a typical LVDT-calibration curve. There are only minor differences between 
individual calibrations. The linear fit is very good (R2 ≈ 1). 
 
Calibration loadcell: 
The loadcell is connected to the PC through the same conditioner as the LVDTs. 
Also this tool requires calibration before use. This is done placing weights on a 
purpose made mounting, which rests on the loadcell. Graph A-7 shows a Loadcell 
calibration curve. Linear regression shows a very good correlation (R2 ≈ 1). 
 
Calibration shear cell: 
Though the upper table runs on low friction bearings, some friction will always be 
present. Also the weight used to balance the table can be slightly off in mass, so the 
table is not perfectly balanced. These two factors have the effect that 1kg placed on 
the table is not equal to 1kg of effective load on the sample. A calibration experiment 
was done to access the effect of this. 
The loadcell was placed on the lower table, and the upper table was loaded with 
increasing load. The recorded data from the loadcell and the theoretical output of the 
loadcell, when no friction or unbalance would play a role, were compared. Graph A-8 
shows the theoretical and the measured output of the LVDT. The Theoretical Output 
Loadcell displays the expected results, when friction is zero and the upper table is 
perfectly balanced. Not surprisingly the slope and R2-value of the correlation line are 
1 and the intercept is zero. The actual Output Loadcell shows that nor the friction is 
zero nor that the table is balanced. The slope of the linear correlation line, being 
0.97, expresses the friction. Roughly 3% of the load is lost due to frictional forces. 
The balance imperfection is shown by the intercept of –271.27gr. This is the 
minimum load required get a positive, non-zero effective stress on the lower table. 
The result of this that 1kg of load on the upper table, exerts only 698.73gr of effective 
load on the lower table. But since there is a goods linear correlation (R2 = 0.9995), it 
is possible to correct for this. 
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Appendix 2: Sketch of the deformation box 
 
 
a) The Deformation box, with in red, dimensions in centimeters. See text for 
description. 
b) Movement of the central and lateral tables during deformation. The width of the 
box increases from 70cm to 78cm. 
Modified from Holland (2004). 
a) 
b) 
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Appendix 3: The sieve table sketch 
 
 
Views on the sieve table, from the top (upper image), from below (middle image) and a profile 
view with the deformation box in the correct position (lower image). 
See text for description, red numbers are dimensions in centimeters. 
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Appendix 4: Details on the box, sieve table and the materials used. 
The motor and tooth lock washer 
A small 24V electric motor, a pair of external teeth lock washers and a tooth belt 
drive the deformation rig. The dimensions of these washers are given in table A-6. 
the ‘teeth ratio’ is 1:3.5, where the larger teeth lock washer is attached to a 15 cm 
long worm screw with a M10-threading. A M10 thread was cut into the larger teeth 
lock washer to allow this fit. Through a hole in the center of the base plate this worm 
strew is attached to the center of the central table. It is attached in such a way that it 
cannot rotate. The setup is such that when motor is on, the large teeth lock washer 
turns around the worm screw it is pushed against the bottom of the base plate, 
pulling the central table down. The vertical displacement rate at 16V current is 
0.0166mm/s. The displacement rate along the master faults is 0.019mm/s at 16V. 
The rate of outward motion by a lateral table, relative to the center of the table is 
0.0096mm/sec. At this rate, it takes roughly 1h5min to completely pull down the 
central table and finish an experiment. 
 
Filling of the box 
An initial thought, before the sieve table, was to use industrial vibrators, used for 
sorting and/ or separating powders and granular materials. A rectangular sieve was 
fixed to the vibrating arm. However, gypsum next to the wall of the sieve received 
vibration from both the sieve and the wall. This caused increased through fall at the 
edges of the sieve relative to the center of the sieve, resulting in mountain building 
below the edges of the sieve. Also, the production of a sieve box large enough for the 
deformation box proofed challenging. Particularly a proper spanning of the sieve net 
was very difficult.  
 
Cameras, Software and Additional Hardware  
Two digital cameras were used to record this experiment. These cameras were fixed 
on a L-shaped mounting, which was set at the fixed distance of 61cm from the front 
glass panel. The Cameras were placed on surveillance cameras mountings. These 
were placed on the wooden frame 18cm apart. The entire frame was movable 
laterally in-between experiments, but the cameras are positioned at a fixed height of 
12cm above the base plate. Ball-bearings on the top of the mountings did allow for 
some adjustments of direction, but this was kept to a minimum in order to minimize 
distortion by oblique view angles.  
A Canon type Power Shot G1 with 3.1 megapixels, was used to produce an overview 
picture. The camera was connected to a PC for immediate storage. The images are 
initially stored in Canon-Raw format. These files have size of the order of 2-2.5Mb. 
Canon Image Capture has to be installed to directly store images on a PC. 
A Nikon type D70, with analogue zoom, 6.1 megapixels, was used to capture details. 
The analogue zoom enables very detailed shoots, without loss of quality. The area of 
the detailed picture depends the area of interest in the individual experiments, and 
the zoom and position of the camera is therefore different for every experiment. 
Since the positions of the cameras on the frame are fixed, the position of the Canon 
is therefore also dependant on the experiment. A laptop, with Nikon Capture Control 
installed, was connected to this camera. These images are stored in Nikon NEF-
format, and are in the order of 17Mb. 
  
Both cameras were programmed through the software to take time-lapse images. 
Since it takes roughly 20 seconds to store RAW image of these sizes on both the PC 
and the Laptop, the interval between successive images was set to 30 seconds. 
Given the length of the experiment, a single experiment produced 120-140 RAW 
format images per camera. 
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To minimize the effects of exterior light changes (through weather and time) on the 
quality of the images, the experimental laboratory was blacked out with curtains, and 
the overhead TL-lighting switched off. Two construction type halogen lamps of 500 
and 100 watt were placed in the room. To minimize reflections, the lighting was setup 
oblique to the front panel. Also black curtains are installed in front of the cameras 
(obviously holes were cut for the lenses), and hung through the room. This was done 
to prevent further reflections and light changes as the result of people moving around 
the laboratory. Before each experiment, several pictures were taken to check for 
reflections, lighting and focus of the output images. 
 
A professional transformer was used to provide the motor with power. This 
transformer allowed for step-less adjustment of the output voltage, but output 
voltages 16V were used for nearly all experiments. 
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Appendix 5: The use of hemihydrate powder for strike-slip-faults modeling 
The gypsum powder was used in a probing experiment for the modeling of strike-slip 
faults. Two glass plates were laid flat on a table, with their long sides touching. The 
picture below shows what kind of results this can give. The structures formed 
included en-echelon fault segments, which were joined in a later stage by a through-
going structure, pull apart basins and flower structures. 
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Figure 1: The orientation of the principle stresses near the earth 
surface, and the resultant geological structures.  
From:http://earth.leeds.ac.uk/faults/stress/stress.gif 
Figure 2: Three different failure modes, as 
described by Ferrill and Morris (2003). a) Shear 
failure. b) Mode I or tensional failure. c) Hybrid or 
dilatant failure.  
From Ferrill and Morris (2003). 
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Figure 3: Aerial views an active normal 
fault at Pingvellir to the east of 
Reykjavik, Iceland. The rock type is 
basalt. Note the open fractures, the dip 
of the hanging wall (right side of the 
fault), the vertical, en echelon fault 
scarps, and the localized 
sedimentation through river 
sedimentation (particulary in upper 
image). Large image from Kronberg 
(1995), image by Rúriksson, smaller 
image from the Göttingen University 
Geosciences website: 
http://www.gzg.uni-
goettingen.de/forschung/abt_struktur/w
ebsite_struk/ 
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Fig 4: Structures found in fractured basalt. Note the open fractures at depth, 
Mode I/ Mode II transition, and rigid block rotation. 
Not to scale. Image from Holland et al. (2004). 
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Figure 7: a) SEM picture of α-Hemihydrate, b) SEM picture of β-Hemihydrate. From Gips-Datenbuch (2003). 
a) b)
Figure 5 (left): Mechanical stratigraphy in a brick wall. Picture taken on 
the west side of the building for Endogene Dynamik, Lochnerstraße 4-
20, Aachen, looking west. Picture by HW van Gent. 
Figure 6 (above): ‘Mechanical stratigraphy’ on the face of a building. 
Note how the angle of the crack changes at the points were the thickness 
of the stone changes. This is a ‘thrust’ (hanging wall is moving up relative 
to the foot wall). Picture taken at the Templergraben number 49, Aachen. 
Picture by HW van Gent. Arrow points to a 1 Euro coin, for scale. 
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a) b) c) 
200 µm 
Picture 8: Petrographic microscope pictures of the gypsum used in this study. Note: black clusters are gypsum, and the  
background is white. a) Over view image, scalebar is 200 b) Detail from a), focused on large gypsum clusters. c) Detail 
from a), focused on small gypsum clusters and individual crystals. 
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Graph 1 a): The density of sieved gypsum powder, 
as a function of sieve height. b) the porosity of 
gypsum powder as a function of sieve height. 
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gypsum powder for different mesh sizes, with the 
associated Standard deviations. 
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Figure 9: Setup for the compaction experiment.
 
 
 
 
Table 1 
Step 
Height 
sand (cm) M (gr) 
Msand 
(gr) 
Sigma1 
(Pa) 
0 0 492 0 0 
1 0.3 531 39 57.6 
2 1 573 81 119.6 
3 2 650 158 233.4 
4 2.5 709 217 320.6 
5 3 745 253 373.7 
6 3.5 800 308 455.0 
7 4 859 367 542.2 
8 4.5 901 409 604.3 
9 5.5 1002 510 753.53 
10 6 1101 609 899.8 
11 7 1200 708 1046.0 
12 8 1309 817 1207.1 
13 9 1401 909 1343.0 
14 10 1500 1008 1489.2 
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Compaction stress/strain diagram
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Graph 4: Stress-strain-diagram, compiled using data from graph 3. 
 
Average Vertical displacement in the container, in lines 17-150
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Graph 3: Profiles of the average vertical translations 
for lines 17-150 in different pictures (steps) using PIV 
software. 
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Graph 5: The compiled data of the compaction experiment 5 analyzed 
with PIV, and the results of the odometer experiments for samples 1 
and 2.  
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Graph 6: The combined results of the PIV analyzed compaction, and the 
Odometer sample 1 compaction.  
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Figure 10: A typical odometer, with a 
dial indicator on top of the sample 
container. The arm and counterweight 
are visible underneath the table. On 
the foreground lie some weights of 2.5-
30kg. 
Picture; HW van Gent. 
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Graph 7: a) Stress/strain plot of a normal consolidated shear test. b) Stress/strain plot of an over consolidated 
sample. 
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Figure 12: Originally square markers in the gypsum cake, after 
normal consolidated shear test number 6 (Nov. 10th 2004). The 
markers have been deformed by pure shear deformation. The sample 
was sheared dextral, and the accumulated shear strain is ~35%. 
Sample height is 1cm, sample width is 11cm.
Figure 11: The shear cell at the GED institute. A) Electric motor and moving piston. B) 
Position of the loadcell. C) Horizontal LVDT to measure displacement. D) Upper and lower 
plate. E) Balance counterweight. F) Conditioner, connected to a PC for direct data acquisition. 
Not shown: Vertical LVDT to measure compaction.  
Picture modified from van der Zee (2001). Note that since the moment this picture was taken, 
the apparatus was turned, and now produces dextral shear. 
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Figure 13: Originally linear markers, perpendicular to base plate, in 
the gypsum cake, after over consolidated shear test number 28 (Nov. 
23th 2004). The markers have been deformed by  pure shear 
deformation. The sample was sheared dextral, and the accumulated 
shear strain is ~30%. Sample height is 1cm, sample width is 11cm. 
Note that the markers seem to be sheared sinistral. 
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Graph 8: Failure loci for the normal consolidated and over consolidated Shear 
tests. 
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Graph 9: Over consolidated shear test data. a) Yield loci from the over consolidated shear tests, where the loci from 
the same experiments are connected. Inset: Calculated initial Void Ratios per experiment. b) Cohesion as a function 
of initial void ratio. c) Friction angle as a function of initial Void Ratio. The red dot in b) and c) represents the yield loci 
for normal consolidated shear test, projected for a normal stress of 0Pa. 
Overconsolidated Mohr Space
y = 0.6643x + 244.4
R2 = 0.9982
y = 0.4725x + 73.45
R2 = 0.9813
y = 0.5846x + 264.46
R2 = 0.9729y = 0.487x + 306.86
R2 = 0.9643
y = 0.5934x + 128.81
R2 = 0.9814
y = 0.5946x + 221.34
R2 = 0.991
y = 0.6569x + 135.2
R2 = 0.9826
0
200
400
600
800
1000
1200
1400
1600
0 500 1000 1500 2000
Normal Stress (Pa)
Sh
ea
r S
tre
ss
 (P
a)
 Initial Void Ratio
2.848
2.726
2.668
2.593
2.580
2.535
2.468
Cohesion vs Initial Void Ratio
y = -648.22x + 1896.7
R2 = 0.8097
0
100
200
300
400
500
2.500 2.600 2.700 2.800 2.900
Void Ratio
C
oh
es
io
n 
(P
a)
Over Consolidated Normal Consolidated
Coefficient of Internal Friction vs Initial Void Ratio
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
2.500 2.600 2.700 2.800 2.900
Void Ratio
C
oe
ff.
 o
f I
nt
. f
ric
tio
n
Over Consolidated Normal Consolidated
a)
 
b
) 
c) 
Figure 14: The general form of a Cam-Clay curve. See text for details. 
Modified from Jones and Addis (1986). 
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Figure 15: The brittle stress path a) versus the simple 
shear stress path b). Note how the red arrow, indicating the 
evolution of the stress state prior to failure (stress path), 
differs in both images. 
Figure 16: The tensile strength measuring device. 1) high accuracy load 
cell, 2) Vaseline covered piston, 3) sample container, 4) vertical servo 5) 
frame. 
Image modified from Eber (2004) 
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Figure 17: Schematic force/time curve for the calculation of 
the tensional strength. ‘a’ is the force representing the weight 
of the piston covered with Vaseline, ‘b’ is the amount of 
preload (i.e. ‘negative weight’), ‘d’ represents the weight of 
the piston, including adhering powder. The distance ‘a-c’ 
represents the total force required to pull the piston of the 
sample, and the distance ‘d-c’ is the separation force Fs. 
Figure modified from Schweiger and Zimmerman (1991) 
Figure 18: Measurements of the tensile strength as a function 
of the void ratio. 
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Table 2 
Amount of graphite (%) Rest angle  
100 (pure Graphite) 73.5° 
50 70.5° 
33.3 69° 
16.6 71° 
0 (pure Gypsum) 71.5° 
 
 
Figure 19: The combined results of the shear tests, the compression 
experiments and the determination of the tensile strength. 
Blue lines are actual lines or best fit regression curves. Purple plains are 
interpretations. 
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Table 3: Model ratios of mechanical quantities, after Hubbert (1937) 
Quantity Dimensional formula Model Ratio 
Angle 
Area 
Volume 
Curvature 
Frequency 
Velocity 
Acceleration 
Angular velocity 
Angular acceleration 
Density 
Momentum 
Moment of momentum 
Angular momentum 
Force 
Torque 
Work and energy 
Power 
Action 
Stress 
Strain 
Youngs modulus 
Viscosity 
Kinematic viscosity 
Gravitational constant 
L0 
L2 
L3 
L-1 
T-1 
LT-1 
LT-2 
T-1 
T-2 
ML-3 
MLT-1 
ML2T-1 
ML2T-1 
MLT-2 
ML2T-2 
ML2T-2 
ML2T-3 
ML2T-1 
ML-1T-2 
L0 
ML-1T-1 
ML-1T-1 
L2T-1 
M-1L3T-2 
1 
λ2 
λ3 
λ-1 
τ-1 
λτ-1 
λτ-2 
τ-1 
τ-2 
µ λ-3 
µ λτ-1 
µ λ2τ-1 
µ λ2τ-1 
µ λτ-2 
µ λ2τ-2 
µ λ2τ-2 
µ λ2τ-3 
µ λ2τ-1 
µ λ-1τ-2 
1 
µ λ-1τ-1 
µ λ-1τ-1 
λ2τ-1 
µ -1λ3τ-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Sketch of the deformation box at the beginning of the experiment (left) and 
after the experiment (right). Arrows indicate direction of moving parts. Figure modified 
from Holland (2004) 
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Figure 21: Results of an experiment to flatten the sieved gypsum in the box. All 
methods compacted the gypsum, and some did in fact produce more 
topography. Picture: H van Gent 
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Figure 22: Flowchart for the image post processing, for an image taken with the Nikon 
camera. 
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Table 4: Accuracy of the calculated vectors (source: DaVis Manual, 2003) 
Size of the interrogation window  Accuracy of the calculated vectors 
128 x 128 Down to 0.01 to 0.03 pixel 
64 x 64 Down to 0.02 - 0.05 pixel 
32 x 32 Down to 0.05 - 0.2 pixel 
16 x 16 Down to 0.1-0.3 pixel 
 
 
Figure 23: The principle of PIV. Two small image windows in 
successive images are compared. When the pattern is recognized 
and matched, a correlation peak defines a displacement vector. 
From: www.PIV.de  
Figure 24: The ratio between the highest and lowest 
correlation peak is the Peak Ratio. 
Image from DaVis Manual (2003). 
 21
Figure 25: Image from the PIV Blind Run preformed on February 15th. 
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Figure 26: Examples from the PIV output 
images, all examples shown here are 
from image 25 of the relative analysis of 
experiment 9, Feb15. See text for details. 
a) Peak Ratio, b) Displacement with input 
image as background, c) Strain (Exx), d) 
2D Vorticity (Rotz), e) Strainrate (Exx – 
Eyy).
 23
Figure 27: Examples from the PIV output images, all examples shown here are from image 25 of the 
absolute analysis of experiment 9, Feb15. See text for details. 
a) Displacement with input image as background, b) Strain (Exx), c) 2D Vorticity (Rotz), d) Strainrate 
(Exx – Eyy). 
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Table 5: Concerning the material properties of carbonates and basalts. 
Rock Type, 
Location 
ρ (kg/m) µ C (MPa) E (MPa) Reference 
Carbonates 
Limestone, 
general 
1600-
2700 
- - 10-70 3 
Leuders 
limestone, 
Texas 
- 0.53 15 - 1 
Solenhofen 
Limestone, 
Germany 
2480-
2712 
0.53 105 57-63.3 1,2 
Redwall 
limestone, 
Arizona 
2640 0.7-1.7 13-36 55 2 
Marble 2670-
2750 
0.75 110 23.2-27.6 1,3 
Basalts 
Basalt, 
general 
2950 - - 60-80 3 
Basalt, 
Ostrits, 
Germany 
- - - 111.5 2 
Basalt, 
Oregon 
2740 1.2 32 63 2 
Gabbro, 
general 
2950 0.66 38 58.4-87.1 1,2,3 
1 Schellart, 2000, 2 Birch, 1966, 3 Turcotte and Schubert, 2002 
Figure 28: The influence of specimen size on the 
strength of intact rock. From Hoek (no date). 
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Table 6: Overview of the experimental series. 
E
xp
er
im
en
t, 
D
at
e 
E
xp
er
im
en
ta
l 
D
es
cr
ip
tio
n 
R
el
. H
um
  
Ve
rti
ca
l 
di
sp
la
ce
m
en
t 
ra
te
 (m
m
/s
) 
M
ov
ie
s:
 
PI
V
 (Y
es
/N
o)
 
N
um
be
r o
f N
ik
on
 
P
IV
 in
pu
t i
m
ag
es
 
1, Dec 22 15cm Gypsum - 0.032 Canon: 91img Nikon: 98img  N - 
2, Jan 04 10cm Gypsum, with 1cm sand at 5cm 60% 0.016 
Canon: 113img 
Nikon: 107img N - 
3, Jan 11 15cm Gypsum 69% 0.016 Canon: 137img Nikon: 80img N - 
4, Jan 13 20cm Gypsum 65% 0.016 Canon: 134img Nikon: 136img Y 51 
5, Jan 18 20cm Gypsum with 3-5mm sand at 2cm 63% 0.016 
Canon: 138img 
Nikon: 137img Y 51 
6, Jan 20 20cm Gypsum with 3-5mm sand at 5cm 63% 0.016 
Canon: 134img 
Nikon: 128img 
(6img lost) 
Y 33 
7, Feb 01 20cm Gypsum with 3-5mm sand at 10cm 53% 0.016 
Canon: 143img 
Nikon: 144img Y 51 
8, Feb 03 
20cm Gypsum with 3-
5mm sand at 3, 6.5, 
10, 13.5cm 
55% 0.016 
Canon: 160img 
Nikon: 154img 
(4img lost 
Y 10 
9, Feb 15 
20cm Gypsum with 
1cm Graphite/Gypsum 
lat 10cm 
49% 0.016 Canon: 145img Nikon: 144Img Y 52 
10, Feb 17 
20cm Gypsum with 
1cm Graphite/Gypsum 
at 5cm 
45% 0.016 Canon: 120img Nikon: 12img Y 51 
11, Feb 22 
20cm Gypsum with 
1cm Graphite/Gypsum 
at 3, 6, 9 and 12cm. 
45% 0.016 Canon: 140img Nikon: 135img Y 51 
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Figure 29: Overview of the experiments. Every image is the 50th image from an experiment. 
 27
Figure 30: A number of definitions used in the model description and 
discussion. 
Figure 31: Overview image of experiment 4 (Jan13), frame 13. Height of the gypsum 
column is 20cm. 
 28
Figure 32: Overview image of experiment 4 (Jan13), frame 25. 
Height of the gypsum column is 20cm. 
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Figure 33:a) Overview image of experiment 4 (Jan13), frame 59. Height of the gypsum column 
is 20cm. b) detail from upper image, at key 4. c) detail upper image, at key 6. 
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Figure 34: Overview image of experiment 4 (Jan13), frame 119. 
Height of the gypsum column is 20cm. 
Figure 35: Topview after experiment 4 (Jan13), spacing between the glass panels is 15cm. 
 31
Figure 36: a) detail from image 161 (canon) of experiment 8 (feb03), see text for details. b) 
detail from image 77 (Nikon) of experiment 8 (feb03), see text for details. Height of the gypsum 
column is 20cm. 
Figure 37: Interpretated fault sections. a) Oblique view of a horizontal section after 
experiment 11 (feb22). b) Topview of a horizontal section after experiment 11 (feb22). See 
text for discussion. 
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Figure 38: Evolution of a fault array, 
visualized using PIV. Images from 
experiment 11 (feb22), note that the 
background image is inverted. 
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Figure 39: Detail of the evolution of a 
Mode I fracture, visualized using PIV. 
Images from experiment 8 (feb03), note 
that the background image is inverted. 
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Figure 40: a) and b) Non-dilatant deformation in experiment 4 
(Jan13). See text for details. c) Original input image, frame 5. 
 c) Frame 5 (Nikon) 
 Original input image 
 35
 
 
 
 
 
 
 
Figure 41: Frames 20, 60 
and 100 from the Canon 
image set of experiment 4 
(Jan13). 
 36
Figure 42: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 49 of 
experiment 4 (jan13). 
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Figure 43: Frames 20, 
60 and 100 from the 
Canon image set of 
experiment 5 (Jan18). 
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Figure 44: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 50 of experiment 
5 (jan18). 
 39
 
 
 
 
 
Figure 45: Frames 20, 60 
and 100 from the Canon 
image set of experiment 6 
(jan20). 
 40
 
Figure 46: PIV out put images displaying absolute displacement and relative rotation for frames 10, 21 and 33 of 
experiment 6 (jan20). 
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Figure 47: Frames 20, 60 
and 100 from the Canon 
image set of experiment 7 
(feb01). 
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Figure 48: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 50 of 
experiment 7 (feb01). 
 43
 
 
 
 
Figure 49: Frames 20, 
60 and 100 from the 
Canon image set of 
experiment 8 (feb03). 
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Figure 50: PIV out put images displaying absolute displacement and relative rotation for frames 3, 6 and 10 of 
experiment 8 (feb03). 
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Figure 51: Frames 20, 60 and 
100 from the Canon image set 
of experiment 9 (feb15). 
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Figure 52: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 50 of 
experiment 9 (feb15). 
 47
 
 
 
 
 
 
 
 
Figure 53: Frames 20, 60 
and 100 from the Canon 
image set of experiment 10 
(feb17). 
 48
 
Figure 54: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 50 of 
experiment 10 (feb17). 
 49
 
 
 
 
 
 
 
 
Figure 55: Frames 20, 60 and 
100 from the Canon image set 
of experiment 11 (feb22). 
 50
 
Figure 56: PIV out put images displaying absolute displacement and relative rotation for frames 10, 30 and 50 of 
experiment 11 (feb22). 
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Table 7: Overview of the observed structures and features. 
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4 (jan13) + + + +/- ++ + + + -- + + - 
5 (jan 18) + +/- + - + + +/- + + + + + 
6 (jan20) + + + - + + + +/- + +/- + +/- 
7 (feb01) + + +/- ++ + - + + + +/- + +/- 
8 (feb03) + + - ++ + - + - ++ ++ +/- ++ 
9 (feb15) + + - + + - + + - + + + 
10 (feb18) + + + + + - + + + - + - 
11 (feb22) + + + - + + + - + + + + 
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Graph 10: The evolution of tensile strength and cohesion in the deformation 
box. Graph is based on the compiled data from the material 
characterization. Note that the green line represents overburden/10. 
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Figure 57: Interpreted field image from Jabal Hafeet, Abu Dhabi. 
With permission from Urai, Schoenherr and Holland, personal 
communication, 2005. 
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Graph 11: Histogram regarding the frequencies of dip angles in pure 
gypsum, sand or gypsum/graphite layers. 
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Graph 12: The relation between the dip angles in sand and the 
underlying gypsum. 
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Graph 13: The relation between the dip angles in gypsum/graphite 
and the underlying gypsum. 
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Figure 58: PIV output images 7-10 from experiment 8 (feb03) showing 
a downward propagating fracture
 55
Figure 59: PIV output images 7-10 from experiment 9 (feb15) 
showing an upward propagating fracture. 
 56
Figure 60: Conceptional 
elastic beam, deformed by an 
inclined normal fault. See text 
for details 
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Figures from the Appendixes: 
 
 
 
Table A-1 
SH (m) Mcor (gr) Density 
(kg/m^3) 
0.05 354.67 753.2 
0.05 354.67 753.2 
0.05 354.82 753.5 
0.05 343.82 730.1 
0.05 354.36 752.5 
0.05 354.67 753.2 
0.05 350.36 744.0 
0.15 366.67 778.7 
0.15 364.67 774.4 
0.15 365.82 776.9 
0.15 361.82 768.4 
0.15 374.36 795.0 
0.15 377.36 801.4 
0.3 390.67 829.6 
0.3 387.82 823.6 
0.3 380.82 808.7 
0.3 384.36 816.2 
0.5 376.67 799.9 
0.5 379.82 806.6 
0.5 380.82 808.7 
0.5 375.36 797.1 
0.7 386.67 821.1 
0.7 390.82 829.9 
0.7 397.36 843.8 
 
Table A-2 
SH (m) Mmean 
(gr) 
StDevM Dmean 
(kg/m^3)
StDevD 
0.05 352.48 4.14102 748.53 8.793842
0.15 368.45 6.043952 782.4379 12.8349 
0.3 385.92 4.266774 819.53 9.060891
0.5 378.17 2.574948 803.07 5.468142
0.7 391.62 5.389344 831.63 11.44477
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Mean Density as a function of Sieve Height (2)
D = 281.12 SH + 736.65
R2 = 0.9921
 D = 30.257 SH + 802.95
R2 = 0.1782
720
740
760
780
800
820
840
860
0 0.2 0.4 0.6 0.8
Sieve Height (m)
D
en
si
ty
 (k
g/
m
^3
)
Mean Mass as a function of Sieve Height
y = 13.804Ln(x) + 395.06
R2 = 0.8812
340
350
360
370
380
390
400
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Sieve Height (m)
M
as
s 
(g
r)
Mean Density as a function of Sieve Height
D= 29.187Ln(SH) + 839
R2 = 0.8736
720
740
760
780
800
820
840
860
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Sieve Height (m)
D
en
si
ty
 (k
g/
m
^3
)
a) 
c) 
b) 
Graph A-1 a) Mean mass as a function of sieve height, 
b) Mean density as a function of sieve height, c) Mean 
density as a function of sieve height (2). 
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Table A-3 
MS (mm) Mcor (gr) Density 
(kg/m^3)
Notes: 
0.8 334.67 710.70  
0.8 332.67 706.46  
0.8 349.82 742.88  
0.8 350.82 741.00  
0.8 365.36 775.88  
1.0 354.67 753.17  
1.0 354.67 753.17  
1.0 354.82 753.49  
1.0 343.82 730.13  
1.0 354.36 752.52  
1.0 354.67 753.17  
1.0 350.36 744.02  
1.5 329.67 700.09  
1.5 343.82 730.13  
1.5 359.36 763.13  
1.5 328.67 697.96 Tapped 
1.5 327.67 695.84 Tapped 
1.5 339.82 721.64 Tapped 
1.5 346.36 735.53 Tapped 
Table A-4 
MS (mm) Mmean 
(gr) 
StDevM Dmean 
(kg/m^3)
StDevD Notes 
0.8 346.66 13.38 736.18 28.42  
1 352.48 4.14 748.53 8.79  
1.5 344.28 14.85 731.12 31.54  
1.5 335.63 9.028 712.74 19.17 Tapped 
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Graph A-2: a) Mass and density of sieved gypsum powder, for different mesh sizes, b) Mean Mass and Mean 
Density for sieved gypsum powder for different mesh sizes, with the associated Standard deviations. 
 60
 
 
Table A-5 
Exp. 1 
SH (m) Dmean (kg/m^3) Poro(%) Notes 
0.05 748.5271 72.28  
0.15 782.4379 71.02  
0.3 819.5317 69.65  
0.5 803.0739 70.26  
0.7 831.6345 69.20  
Exp. 2 
MS (mm) Dmean (kg/m^3) Poro(%) Notes 
0.8 736.1818 72.73  
1.0 748.5271 72.28  
1.5 731.1177 72.92  
1.5 712.7416 73.60 Tapped
 
 
 
 
 
 
Evolution of Moisture-uptake
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Graph A-3: The evolution of moisture uptake, as a function of time.
 61
Density vs Sieve Height
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Graph A-4 a): The density of sieved gypsum powder, 
as a function of sieve height. b) the porosity of 
gypsum powder as a function of sieve height. 
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MassPercent moisture evolution
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Graph A-5: Evolution of the Mass percentage moisture of samples 1 to 6. Data labels refer 
to container numbers. 1-3 are samples with NaCl, and sample 4 to 6 are samples with 
MgCl2 ⋅ 6H2O solutions. 
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Graph A-6: Typical LVDT calibration curve. Data from shear test 28 (November 
23rd 2004). 
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Calibration Loadcell
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Graph A-7: Typical Loadcell calibration curve. Data from shear test 28 
(November 23rd 2004). 
Graph A-8: the relation between the load on the upper table of the shear 
cell and the effective load, received by the lower table. The line of the 
Theoretical Output Loadcell is the result expected when friction is zero 
and the balance is perfect. 
Callibration-line Shearcell
Le = 0.97L - 291.27
R2 = 0.9995
0
500
1000
1500
2000
2500
3000
3500
4000
0 1000 2000 3000 4000
Load (gr)
Ef
fe
ct
iv
e 
lo
ad
 (g
r)
Output Loadcell Theorectical Output Loadcell
 64
 
Table A-6: Definitions and dimensions of teeth lock washers. 
Smaller Teeth Lock Washer Larger Teeth Lock Washer 
Number of teeth 10 Number of teeth 35 
DB 24 DB 57 
d 6 d M10 
D 9,5 D 38 
B 20 B 25 
b1 14 b1 14 
Attached to motor Attached to worm screw Source: www.Conrad.de 
 
 
 
 
 
 
 
 
 
 
 
 
